




1. I n t r o d u c t i o n  

T h e  d i s c o v e r y  of  t h e  f o r b i d d e n  l i n e s  of  a t o m i c  oxygen i n  t h e  s p e c t r a  

of a number of  comets by Swings  and G r e e n s t e i n  (1958; a l s o  s e e  G r e e n s t e i n  

and a r p i g n y ,  1962)  and t h e  more d e t a i l e d  d i s c u s s i o n  o f  t h e s e  o b s e r v a t i o n s  

by Swings (1962)  and by Bemy-Battiau (1962) a r e  o f  g r e a t  s i g n i f i c a n c e  f o r  

t h e  q u e s t i o n s  o f  t h e  mechanisms o f  e x c i t a t i o n ,  chemical  changes ,  a n d  i o n i -  

z a t i o n  i n  cometary a tmospheres .  Because  of  t h e  s l i g h t  e x c i t a t i o n  p r o b a b i l -  

i t y  o f  t h e  LO11 l i n e s ,  t h e  number o f  t h e  p a r t i c i p a t i n g  atoms must b e  l a r g e  

i n  comparison t o  t h e  m o l e c u l e s ,  which c o n t r i b u t e  t h e  m a j o r  p o r t i o n  t o  t h e  

l u m i n o s i t y  o f  t h e  body and t h e  t a i l  ( C N  and C 2 ;  C O ' ) .  

r e a s o n  f o r  t a k i n g  up a g a i n  t h e  q u e s t i o n  o f  t h e  amount o f  g a s  p r o d u c t i o n  o f  

a comet. 

T h i s  p r o v i d e s  a 

I n  wnat f o l l o w s  an e v a l u a t i o n  w i l l  f i rst  b e  made o f  t h e  quantum eruis- 

s i o n  i n  t h e  [ O I ]  l i n e s .  A d i s c u s s i o n  o f  t n e  e x c i t a t i o n  p o s s i b i l i t i e s  which 

a c t u a l l y  e x i s t  w i l l  t h e n  l e a d  t o  t h e  c o n c l u s i o n  t h a t  t h e  comet produces  

v e r y  many more m o l e c u l e s  c o n t a i n i n g  oxygen than  o n e s  which a p p e a r  i n  t h e  

form of CN a n d  C 2  o r  CO'. 

f o r  medium-bright comets c o r r e s p o n d  t o  t h o s e  n i i i ch  h a v e  been found for t h e  

d u s t  p r o d u c t i o n  o f  some newer comets ( L i l l e r  196O), as VihippLe had proposed  

(1950, 1951)  on t h e  b a s i s  o f  h i s  " i c y  conglomera te  model." 

8 The r e s u l t i n g  r a t e s  o f  p r o d u c t i o n  o f  - 10 g r / s e c  

If t h i s  r a t e  o f  p r o d u c t i o n  i s  c o r r e c t  from t h e  s t a n d p o i n t  o f  o r d e r  

magni tude ,  some i n t e r e s t i n g  c o n c l u s i o n s  a r e  t o  be d r s a n .  F i r s t  of  a l l ,  t h e  

t o t a l  d e n s i t y  o f  g a s e o u s  m a t t e r  i n  t h e  cometary atmosphere s h o u l d  b e  h i g h e r  

t h a n  h a s  h i t h e r t o  been assumed. An examinat ion  o f  t h e  p r e r e q u i s i t e s  f o r  

chemica l  r e a c t i o n s  l e a d s  t o  t h e  c o n c l u s i o n  t h a t ,  i n  a d d i t i o n  t o  photo-  

chemica l  r e a c t i o n s ,  c e r t a i n  exothermic  b i n a r y  r e a c t i o n s ,  p r i m a r i l y  t h o s e  

i r ?  which i o n s  p a r t i c i p a t e ,  c o u l d  q u i t e  p r o b a b l y  a l s o  occur .  I n  t h i s  connection 

t h e  q u e s t i o n  o f  t h e  f o r m a t i o n  o f  CO+ is reexamined;  t h e  d i s c u s s i o n  o f  a 
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s p e c i f i c  model shovus t h a t  t h e  r e l a t i v e l y  b r i e f  t ime  s c a l e s  w i t h i n  which 

e x i s t i n g  s t r u c t u r e s  a r i s e  from CO+ i n  cometary a tmospheres  may p e r h a p s  be  

u n d e r s t o o d  i n  t h i s  way. 

2. The Emission O f  The [OI] L i n e s  On Comets 

We t a k e  t h e  p e r t i n e n t  o b s e r v a t i o n  d a t a  from t h e  works c i t e d  e a r l i e r  

(Swings and G r e e n s t e i n  1958; G r e e n s t e i n  a n d  Arpigny 1962; Swings 1 9 6 2 ) .  

Accord ing  t o  them, t h e  o c c u r r e n c e  o f  t h e  r e d  d o u b l e t  A6300 + 

t h e  g r e e n  l i n e  5577 is a f a i r l y  r e g u l a r  phenomenon; a t  t h e  same t i n e ,  

t h e  g r e e n  l i n e  may be  b o t h  s t r o n g e r  and  meaker t h a n  t h e  r e d  one. C l e a r -  

c u t  c a s e s  i n  which t h e  former was t r u e  w e r e  p r e s e n t e d  by t h e  cornets 1948 

I ( B e s t e r )  (numerous s p e c t r a ) ;  1941 V I 1 1  (van G e n t t )  on J u n e  21-23 and 

on J u l y  15,  1941, t o  which,  a c c o r d i n g  t o  Swings  (1962) s t i l l  o t h e r  c a s e s ,  

n o t  i n d i v i d u a l l y  s p e c i f i e d ,  o f  o t h e r  comets a r e  t o  be added. The r e d  

d o u b l e t  was c e r t a i n l y  p r e s e n t  and  s t r o n g e r  t h a n  15577 i n  t h e  comets 1957 

d (Mrkos) ,  1937 V ( F i n d e r ) ,  1948 X I ,  1947 X I 1  (numerous s p e c t r a )  ( a t  any 

r a t e  was on a 5577 o f  s imi la r  i n t e n s i t y ) ,  1956 h (Arend-Roland) and 

1941 I (Cunningham; o b s e r v a t i o n s  t o  some e x t e n t  d u b i o u s ) .  Comparable i n -  

t e n s i t i e s  were o b s e r v e d  w i t h  t h e  comets 1948 I V  (Ronda-Bernasconi) and  

1957 c (Encke ) ;  i n  a d d i t i o n ,  Swings l i s ts  a number o f  d o u b t f u l  c a s e s  i n  

which i t  is d i f f i c u l t  t o  d e c i d e  what  c o n t r i b u t i o n  h a s  been made by  t h e  

sky  background. 

A6364 and 

I t  i s  n o t  a l t o g e t h e r  s i m p l e  t o  draw a c o n c l u s i o n  from t h e  d a t a  i n  

t h e  works c i t e d  on t h e  number o f  quantum t r a n s m i s s i o n s  i n  t h e  t o t a l  comet 

a tmosphere.  The i n t e n s i t y  o f  t h e  g r e e n  l i n e  i n  t h e  spec t rum o f  t h e  comet 

1948 I was u s u a l l y  between t h o s e  o f  C2 e m i s s i o n s  (0-1) h4215 and  ( 0 - 0 )  

h 5165, and i n  t h e  s p e c t r u m  o f  t h e  comet 1941 V I 1 1  even exceeded t h e  i n t e n -  

s i t y  o f  t h e  l a t t e r .  Hence t h e  e m i s s i o n s  m u s t  have  c o n t r i b u t e d  no 



a l t o g e t h e r  smal l  p o r t i o n  t o  t h e  t o t a l  l i g h t  o f  t h e s e  comets. T h e r e  a r e  

a l s o  s i m i l a r  c a s e s  f o r  t h e  r e d  d o u b l e t .  

Now t h e  number o f  quantum t r a n s i t i o n s  i n  C m o l e c u l e s ,  i n  t h e  c a s e  2 

o f  medium-bright comets ( a p p a r e n t  magni tude +4 a t  a d i s t a n c e  o f  1 -4U 

from t h e  Sun and  from t h e  E a r t h ) ,  i s  a p p r o x i m a t e l y  lo3' t r a n s i  t i o n s / s e c *  ) .  

Hence i t  a p p e a r s  t h a t  vue may assume a t  l e a s t  a b o u t  loZ9 t r a n s i t i o n s /  

s e c  f o r  t h e  C O l ]  

d i s t i n c t  o r  f a i r l y  pronounced a p p e a r a n c e  o f  t h e  l i n e s .  

l i n e s ,  and lo3' - lo3' t r a n s i t i o n s / s e c  i n  t h e  e v e n t  o f  

Another  e v a l u a t i o n  which l e a d s  t o  r o u g h l y  t h e  same r e s u l t s  may be ar-  

r i v e d  a t  t h r o u g h  comparison w i t h  t h e  number of  t r a n s i t i o n s  p e r  u n i t  a r e a  

and  t ime  which c o n t r i b u t e  t o  t h e  l u m i n o s i t y  o f  t h e  n i g h t  sky. Approximate- 

l y  (l/k t o  1) 10 t r a n s i t i o n s / c m  s e c  i ire n e c e s s a r y  f o r  t h i s  purpose  

( B a t e s  1960);  i . e . ,  i n  c a s e s  i n  which t h e  e m i s s i o n  on t h e  comet c o n t r a s t s  

s h a r p l y  w i t h  t h a t  o f  t h e  s k y  background,  s e v e r a l  l o 9  or lo1' t r a n s i t i o n s / s e c  

must p r o b a b l y  be  assumed. 

r a d i u s  o f  a b o u t  100,000 km, may p r o b a b l y  be  a s s i g x e d  as  t h e  e f f e c t i v e  c r o s s -  

s e c t i o n .  Homever, s i n c e  i n  Eany c a s e s  t h e  e m i s s i o n s  ex tend  f a r  o u t  i n t o  

9 2 

2 A t  t h e  l e a s t  some 10" cm , c o r r e s p o n d i n g  t o  a 

t h e  t a i l ,  t h e  e m i t t i n g  s u r f a c e  i s  i n  i n d i v i d . u a 1  c a s e s  o b v i o u s l y  s u b s t a n -  

t i a l l y  l a r g e r  s t i l l .  The combina t ion  o f  t h e s e  numbers l e a d s  a g a i n  t o  10  2 9  

t r a n e i t i o n s / s e c  as a s o r t  o f  l o a e r  limit, i . e . ,  i f  t h e  e m i s s i o n  is  recog-  

n i a e d  c l e a r l y  as b e l o n g i n g  t o  tf le comet, and r e s p e c t i v e l y  t o  103'-10 31 

t r a n s i t i o n s / s e c  i n  t h e  c a s e s  i n  which t h e  e m i s s i o n  i s  d i s t i n c t  o r  pronounc- 

ed.  

F i g .  1 shows t h e  e n e r g y - l e v e l  diagram o f  t h e  f o r b i d d e n  oxygen l i n e s .  

A l l  t h r e e  t e r m s  b e l o n g  t o  t h e  b a s i c  c o n f i g u r a t i o n  2s 2p . Of i m p o r t a n c e  

f o r  t h e  i n t e r p r e t a t i o n  o f  t h e s e  e m i s s i o n s  i s  t h e  f a c t  t h a t  t h e  r e d  d o u b l e t  

2 4  

-1 s e c  . 31.8 *k. 'riurm ( 1 9 6 1 4  g i v e s  10 
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t D, 

I 

ar i ses  t h r o u g h  t r a n s i t i o n  from t h e  middle  term. Ac- 

c o r d i n g  t o  G a r s t a n g  (1951) t h e  t r a n s i t i o n  p r o b a b i l i -  

A6364 and 

t h e  g reen  

-1 t i e s  a re  0.0091 s e c  f o r  

1.28 s e c - l  f o r  ~ 5 5 7 7 .  

I n  t h e  cases i n  which 

6300, 

l i n e  i s  

and 

mark e d- 
~ ~~ I 

F i g .  1. Energy- l y  more i n t e n s e  t h a n  t h e  r e d  l i n e s  t a k e n  t o g e t h e r ,  
l e v e l  diagram o f  01. 

t h e  middle  te rm must b e  d e p o p u l a t e d  c h i e f l y  by o t h e r  

p r o c e s s e s  w i t h i n  t h e  a v a i l a b l e  p e r i o d  o f  a b o u t  1 0  s e c .  2 

3. E x c i t a t i o n  Mechanisms C)f The [OI] L i n e s .  

B a s i c a l l y  w e  have  t h e  f o l l o w i n g  p o s s i b i l i t i e s  f o r  i n t e r p r e t a t i o n  of 

t h e  [OI] l i n e s ,  i . e . ,  e x c i t a t i o n  o f  t h e  u p p e r  l e v e l s :  

(1) R a d i a t i o n  e x c i t a t i o n  

( 2 )  C o l l i s i o n  e x c i t a t i o n  by e l e c t r o n s  

( 3 )  D i s s o c i a t i v e  r e c o m b i n a t i o n  

(4  ) P h o t o d i s s o c i a t i o n .  

The f i r s t  p o s s i b i l i t y  i s  v i r t u a l l y  exc luded  b e c a u s e  o f  t h e  r e q u i r e d  

q u a n t i t i e s  o f  n e u t r a l  oxygen and for s t i l l  o t h e r  r e a s o n s  (Swings 1962) .  

The p o s s i b i l i t i e s  o f  c o l l i s i o n  e x c i t a t i o n  h a v e  a l r e a d y  been  examined 

by Remy-Bat~tiau (19621, among o t h e r  t h i n g s  from t h e  s t a n d p o i n t  o f  whether  

t h e r e  i s  any combina t ion  of e l e c t r o n  t e m p e r a t u r e  (T ) and e l e c t r o n  d e n s i t y  

(n  ) which would make c l e a r  t h e  p r e d o m i n a t i n g  i n t e n s i t y  o f  t h e  g r e e n  l i n e  e 

5577. The l a t t e r  i s  n o t  t h e  c a s e .  The e x c i t a t i o n  p r o b a b i l i t y  o f  t h e  

e 

4 3 -1 ’D s t a t e  f o r  e l e c t r o n  t e m p e r a t u r e s  o f  210 

n (Sea ton  1 9 5 8 a ) .  Hence an a v e r a g e  e l e c t r o n  d e n s i t y  o f ,  s a y ,  1 0  cm 

would y i e l d  a n  e x c i t a t i o n  p r o b a b i l i t y  o f  4 10 s e c  p e r  01 atom. Vie 

d e g r e e s  i s  (3.4 cm s e c  

4 -3 
e 

-6 -1 

s h a l l  r e t u r n  l a t e r  t o  t h e  p r o b a b l e  v a l u e s  o f  n a t  any r a t e ,  w i t h  t h e  

v a l u e s  assumed h e r e ,  +1/4 t o  01 atoms would have t o  be  p r e s e n t .  

e’  



I f  w e  assume t h a t  t h e  0 atoms c o n t r i b u t e  t o  t h e  v i s i b l e  e m i s s i o n  up t o  a 

d i s t a n c e  o f  -1C0,OOO k m  from t h e  n u c l e u s ,  i . e . ,  w i t h  a v e l o c i t y  o f  1 km/sec 

o v e r  - lo5 s e c  ( c f .  S e c t i o n  31, t h i s  c o r r e s p o n d s  t o  a p r o d u c t i o n  r a t e  o f  

s m e  loz9  t o  a round 1031 s e c  -1 . 
O f  i n t e r e s t  i n  t h i s  c o n n e c t i o n  i s  t h e  o b s e r v a t i o n  datum t h a t  t h e  i n -  

t e n s i t y  d e c r e a s e  o f  t h e  L O 1 1  l i n e s  i s  weaker  t h a n  f o r  any n e u t r a l  molecule .  

S i n c e  t h e  p r o d u c t  o f  t h e  d e n s i t y  o f  b o t h  p a r t n e r s  e n t e r s  i n t o  collision 

p r o c e s s e s ,  g e n e r a l l y  s p e a k i n g  a more r a p i d  d e c r e a s e  i n  e m i s s i o n  o u t n a r d s  

s h o u l d  b e  e x p e c t e d  t h a n  i n  p r o c e s s e s  b a s e d  on r a d i a t i o n  e x c i t a t i o n .  The 

e m i s s i o n s  of t h e  C m o l e c u l e s ,  however, which c o n t r i b u t e  t h e  m a j o r  p o r t i o n  

t o  l i g h t  i n  t h e  v i s i b l e  r e g i o n  (Swings and H a s s e r ,  A t l a s  o f  Hepr. Com. S p . ) ,  

a r e  b a s e d  on r a d i a t i o n  e x c i t a t i o n .  According t o  t h e  o b s e r v a t i o n s  o f  F. 

P L l l e r  (1961),  t h e  i n t e n s i t y  d e c r e a s e  i n  C2 a t  a d i s t a n c e  o f  some 10,039 

2 

2 
krn from t h e  n u c l e u s  c o r r e s p o n d s  t o  a d e n s i t y  d e c r e a s e  p r o p o r t i o n a l  t o  l / r  , 
b u t  a t  a g r e a t e r  d i s t a n c e  r a t h e r  t o  such  a d e c r e a s e  p r o p o r t i o n a l  t o  l /r . 3 

Hence t h e s e  o b s e r v a t i o n s  do n o t  i n d i c a t e  t h a t  e l e c t r o n  c o l l i s i o n  e x c i t a t i o n  

c o n t r i b u t e s  a p p r e c i a b l y  t o  l u m i n o s i t y  i n  t h e  LO11 l i n e s ,  a l t h o u g h  a p a r t i c i -  

p a t i o n  of e l e c t r o n  c o l l i s i o n s  i n  t h e  f o r m a t i o n  o f  t h e  [OIl l i n e s  i s  n a t u r -  

a l l y  no t  t o  b e  exc luded .  I n  a d d i t i o n ,  t h e  c o n d i t i o n s  may v a s y  r a t h e r  wide- 

l y  from comet t o  comet. 

The o t h e r  two mechanisms have  been w i d e l y  d i s c u s s e d  i n  c o n n e c t i o n  w i t h  

t h e  c o r r e s p o n d i n g  f o r m u l a t i o n s  o f  t h e  problems f o r  t h e  a u r o r a  b o r e a l i s  and 

n i g h t  s k y  l u m i n o s i t y .  D i s s o c i a t i v e  r e c o m b i n a t i o n ,  i . e . ,  t h e  y r o c e s s  
1 

#+ + e -+A 4 B 

h a s  v e r y  h i g h  c r o s s - s e c t i o n s  f o r  many m o l e c u l e  i o n s ;  t h e  r e a c t i o n  r a t e s  a r e  

t h e n  2 1 0  cm3 s e c  , and i n  t h e  c a s e  of O2 even cm3 sec  ( B a t e s  

and  Dalgarno  1962) .  

-8 -1 + > -1 

S i n c e  u s u a l l y  more i o n i z a t i o n  e n e r g y  i s  g a i n e d  t h a n  
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d i s s o c i a t i o n  energy  i s  r e q u i r e d ,  some energy  remains  ( 3  - 5 ev i n  t y p i c a l  

c a s e s ,  b u t  7 ev and 9 ev r e s p e c t i v e l y  i n  t h e  c a s e  o f  0; and HZ - OH+) and 

q u i t e  p r o b a b l y  i s  u s e d  f o r  e x c i t a t i o n  o f  o n e  o f  t h e  n e u t r a l  atoms formed. 

6 *loo7 
t3 10-7 
5 &10-7 
5 10-7 

cH4 
m3 
H2° 
O2 

Hence t h e  mechanism i s  p l a u s i b l e  a s  s u c h ,  i c s o f a r  a s  t h e  o b s e r v e d  d e c r e a s e  

5 r l O - G  

4.10-7 
-5 6). 

2 r10. 

5 

i n  d e n s i t y  ( v i d e  s u p r a )  can be  i n t e r p r e t e d .  However, a c o n s i d e r a b l e  l i m i t a -  

t i o n  r e s u l t s  from t h e  f a c t  t h a t  i t  must have  been p r e c e d e d  by an i o n i z a t i o n  

o f  t h e  m o l e c u l e ;  u n d e r  t h e  g i v e n  c o n d i t i o n s ,  p r i m a r i l y  p h o t o i o n i z a t i o n  

t h r o u g h  t h e  u l t r a v i o l e t  r a d i a t i o n  o f  t h e  s u n  i s  s u i t a b l e  f o r  t h e  purpose .  

Accord ing  t o  t h e  l a t e s t  measurements by H i n t e r e g g e r  a n d  VvataEabe (196,2), 

t h e  photon f l o w  w i t h  )j<1025 2, t h e  i o n i z a t i o n  boundary o f  0 2 ,  i s  - 6  

lo1' cm s e c  i n  t h e  v i c i n i t y  o f  t h e  e a r t h .  The r e s u l t i n g  i o n i z a t i o n  

p r o b a b i l i t i e s  a r e  o f  t h e  o r d e r  o f  10 s e c  . S e v e r a l  examples a r e  g i v e n  

-2 -1 

-6 -1 

i n  T a b l e  1. 

T a b l e  1. P h o t o i o n i z a t i o n  and  P h o t o d i s s o c i a t i o n  P r o b a b i l i t i e s .  

]Molecule 1 I o n i z a t i o n  I D i s s o c i a t i o n  I 

The n u m e r i c a l  v a l u e s  i n  T a b l e  1 were e s t i m a t e d  from t h e  d a t a  o f  Nico- 

l e t  (1961) a n d  t h e  t a b l e s  of H i n t e r e g g e r  (1961). With a l l o w a n c e  made f o r  

more r e c e n t  measurements,  t h e  v a l u e s  c o u l d  s t i l l  be changed somewnat, by 

a f a c t o r  r o u g h l y  o f  up t o  2 (De tv i i l e r  and co-workers 1961; i n  a d d i t i o n ,  we 

a r e  e x t r e n e l y  g r a t e f u l  t o  D r .  Tousey f o r  t h e  communication of more r e c e n t  

r e s u l t s ) .  

The p r o c e s s  d i s c u s s e d  i n  e a r l i e r  works (Bierrnann 1953, Cherednichenko 



1959/1960) of i o n i z a t i o n  by m o l e c u l e s  t h r o u g h  c h a r g e  t r a n s f e r  i n  t h e  s o l a r  

wind h a s  been r e n d e r e d  more i m p r o b a b l e  by t h e  l a t e s t  measurements.  Accord- 

i n g  t o  i t  t h e  p r o t o n  flux i n  i n t e r p l a n e t a r y  s p a c e  u n d e r  f a i r l y  calm condi-  

t i o n s  amounts t o  some 10 

t r a n s f e r  c r o s s - s e c t i o n  o f  a b o u t  1 0  -I5 crn2 t h e  i o n i z a t i o n  p r o b a b i l i t y  due 

t o  c h a r g e  exchange would  t n u s  b e  some s e c  , 

8 p a r t i c l e s / c m 2  s e c  (Snyder  19631. Viith a c h a r g e  

-1 

I n  a d d i t i o n  t o  d i s s o c i a t i v e  r e c o m b i n a t i o n ,  c h a r g e  t r a n s f e r  p r o c e s s e s  

o c c u r  betmeen comet i o n s  and m o l e c u l e s  i n  an o n l y  p a r t l y  i o n i z e d  g a s ,  p ro-  

c e s s e s  i n  which p r i m a r i l y  i o n s  w i t h  a l o w e r  i o n i z a t i o n  p o t e n t i a l  a r i s e ,  e . g . ,  

N: + X -t N 2  + X+ (N2 w i t h  15.6 ev h a s  a p a r t i c u l a r l y  h i g h  i o n i z a t i o n  poten-  

t i a l ,  s o  t h a t  a lmost  e v e r y  such  r e a c t i o n  i s  e x o t n e r r r i c ) .  

L a s t l y ,  e x o t h e r m i c  r e a c t i o n s  between i o n s  a n d  non- ionized  atoms and 

r zo lecu le s  i n  which n e u t r a l  0 atoms,  among o t h e r s ,  may a r i s e ,  must  also be  

t a k e n  i n t o  a c c o u n t .  An example o f  t h i s  p o s s i b i l i t y  i s  p r o v i d e d  by N + 0; 

-, NO+ + o + 4.3 ev. 

L i k e  p h o t o i o n i z a t i o n ,  p h o t o d i s s o c i a t i o n  i s  a l s o  l i m i t e d  by t h e  u l t r a -  

v i o l e t  i n t e n s i t y  o f  t h e  sun .  Because o f  t h e  wavelength  dependence o f  t h e  

d i s s o c i a t i o n  c r o s s - s e c t i o n ,  i n  most c a s e s  i t  also l e a v e s  enough e x c e s s  

e n e r g y  s o  t h a t  one o f  t h e  a r i s i n g  atoms nay be formed as  a n  e x c i t e d  one. 

A t y p i c a l  example i s  t h e  p h o t o d i s s o c i a t i o n  o f  0-* w n i l e  i n  t h e  r e g i o n  o f  

t h e  Herzberg  continuum ( h 2400 - 1750 81, which c o r r e s p o n d s  t o  d i s s o c i a t i o n  

i n  two oxygen atoms i n  t h e  s t a t e  w i t h  t h e  l o w e s t  e n e r g y ,  t h e  a b s o r p t i o n  

c r o s s - s e c t i o n  i s  q u i t e  small, t h i s  c r o s s - s e c t i o n  i s  i n  t h e  r e g i o n  o f  t i l e  

bchumann continuum ( h <  1750 .?L> s o  much l a r g e r  (maximum v a l u e  n e a r l y  2 X 

L' 

cm2 w i t h  A1500 - 1400 8)  t h a t  t h e  i n t e n s i t y  d e c r e a s e  i n  t h e  c o n t i n u -  

o u s  s p e c t r u m  o f  t h e  sun  i s  f a r  overcompensated. I n  t h i s  i n s t a n c e  t h e  0-  
L 

m o l e c u l e  d i s s o c i a t e s  i n t o  an 0 atom i n  t h e  ground s t a t e  and one i n  t h e  'D 



s t a t e  (Herzberg  1950).  Although a p a r t  o f  t h e  a b s o r p t i o n  p r o c e s s e s  does 

n o t  l e a d  t o  d i s s o c i a t i o n ,  t h e  p r o b a b i l i t y  t h a t  upon t h e  p h o t o d i s s o c i a t i o n  

o f  O2 i n  u n d i l u t e d  s u n l i g h t  a t  l e a s t  o n e  of  t h e  atoms a r i s e s  i n  t h e  e x c i t e d  

s t a t e  i s  s u r e l y  o f  t h e  first o r d e r .  O f  c o u r s e ,  t h e  d a t a  on t h e  a b s o r p t i o n  

c r o s s - s e c t i o n s  do n o t  s u f f i c e  t o  p e r m i t  a s t a t e m e n t  a s  t o  t h e  p r o b a b i l i t y  

w i t h  which t h e  more h i g h l y  e x c i t e d  s t a t e  'S is  reached .  

n o t  one o f  t h e  oxygen compounds which one would e x p e c t  t o  o c c u r  w i t h  any 

g r e a t  f r e q u e o c y  on comets.  Eowever, i t s  b e h a v i o r  i s  t y p i c a l  o f  nany mole- 

c u l e s .  G e n e r a l l y  s p e a k i n g  d i s s o c i a t i n g  s t a t e s  l e a d i n g  t o  a t o m  i n  t h e  

ground s t a t e  d i f f e r  from t h e  deepest, bound s t a t e  i n  t h e i r  t o t a l  s p i n .  k 

t r a n s i t i o n  from t h e  ground s t a t e  t o  t h e s e  s t a t e s  i s  t h u s  o p t i c a l l y  f o r b i d -  

den. The f irst  o p t i c a l l y  p e r m i t t e d  t r a n s i t i o n  t o  a d i s s o c i a t i n g  s t a t e  l e a d s  

t o  a t  l e a s t  one  e x c i t e d  atom. I n  t h e  f i n a l  a n a l y s i s ,  f o r  a d i a t o m i c  mole- 

c u l e  p h o t o d i s s o c i a t i o n  v d i  t h  s u b s e q u e n t  d i s s o c i a t i v e  r e c o m b i n a t i o n  i s  n a t u r -  

a l l y  e x a c t l y  e q u i v a l e n t  t o  photo  d i s  s o  c i  a t i on. 

O2 i s  a d m i t t e d l y  

The d i s s o c i a t i o n  p r o b a b i l i t i e s  f o r  m o l e c u l e s  i n  s u n l i g h t  a r e  g e n e r a l l y  

somewhat h i g h e r  t h a n  t h e  i o n i z a t i o n  p r o b a b i l i t i e s ;  examples a r e  g i v e n  i n  

T a b l e  1, 

How e v e r ,  our knowledge o f  t h e  a b s o r p t i o n  c r o s s - s e c t i o n  s c a r c e l y  s u f -  

f i c e s  f o r  a d e c i s i o n  as t o  whether  a d i s t i n c t  p r e f e r e n c e  f o r  t h e  mechanism 

o f  p h o t o d i s s o c i a t i o n  w i t h  r e g a r d  t o  i n t e r p r e t a t i o n  o f  t h e  [OX] l i n e s  follows 

from t h i s .  It i s  r a t n e r  t h e  o b s e r v a t i o n  d a t a  o f  t h e  s l i g h t  i n t e n s i t y  g r a -  

d i e n t s  which make i t  p r o b a b l e  t h a t  p h o t o d i s s o c i a t i o n  g e n e r a l l y  y i e l d s  t h e  

e x c i t e d  0 atoms.  

O b s e r v a t i o n s  a n d  c o n s i d e r a t i o n s  o f  p l a u s i b i l i t y  s u g g e s t  t h e  assutxp t i o n  

t h a t  t h e  n e u t r a l  m o l e c u l e s  f low outmard from t h e  cometary n u c l e u s  a t  a ve- 

l o c i t y  vmol o f  t h e  o r d e r  o f  magni tude o f  l km/sec ( s e e  S e c t i o n  7 f o r  t h e  



v e l o c i t i e s  i n  t h e  v i c i n i t y  o f  t h e  n u c l e u s ) .  Hence t h e y  w i l l  r e a c h  a d i s -  

t a n c e  from t h e  n u c l e u s  o f  100,000 km i n  a b o u t  lo5 s e c .  T h i s  means t h a t  a 

s u i t a b l e  p a r e n t  m o l e c u l e  w i l l  on t h e  a v e r a g e  p a r t i c i p a t e  once a t  t h e  most 

i n  one o f  t h e  p r o c e s s e s  which l e a d  t o  emiss ion  of  a quantum i n  one o f  r h t  

[OIl l i n e s .  I n  many c a s e s ,  however, t h e  emiss ion  w i l l  d i s a p p e a r  i n  t h e  

s k y  background b e c a u s e  t h e  d i s t a n c e  from t h e  n u c l e u s  i s  t o o  g r e a t .  The 

f igu res  c i t e d  above f o r  t h e  f requency  o f  quantum t r a n s i t i o n s  s h o u l d  t h u s  

r e p r e s e n t  t h e  l o w e r  l i m i t s  f o r  t h e  e v a p o r a t i o n  of s u i t a b l e  m o l e c u l e s  on t h e  

s u r f a c e  of t h e  cornet. I f  Q i s  t h e  nunber  o f  p a r t i c l e s  l e a v i n g  t h e  c o a e t a r y  

n u c l e u s  p e r  u n i t  t i m e  a n d  s o l i d  a n g l e ,  f o r  b o d i e s  i n  t h e  c a s e  o f  which t h e  

[OI] l i n e s  s t i l l  b a r e l y  c o n t r a s t  w i t h  t h e  sky background Q d e f i n i t e l y  must 

b e  g r e a t e r  t han  10 s e c  , and f o r  d i s t i n c t l y  c o n t r a s t i n g  L O 1 1  l i n e s  Q 

must even b e  l a r g e r  t han  lo3' s e c  . 
28 -1 
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4. The S p e c i a l  Case 5577 B r i g h t  A g a i n s t  ( A6300 + 6364) 

The d i f f i c u l t y  o f  i n t e r p r e t i n g  t h i s  phenomenon l i e s  i n  t h e  b r e v i t y ,  

a l r e a d y  emphasized,  o f  t h e  p e r i o d  o f  o n l y  abou t  10 s e c  w i t h i n  which t h e  

d e - e x c i t a t i o n  from t h e  i n t e r m e d i a t e  s t a t e  ID must t a k e  p l a c e ;  i n  c a s e s  i n  

which t h e  g r e e n  l i n e  c l e a r l y  p r e d o m i n a t e s ,  t h e  d e - e x c i t a t i o n  t i m e  may even 

2 

1 
b e  o n l y  o f  t h e  o r d e r  o f  10- s e c ,  a t  t h e  maximum. 

I t  h a s  a l r e a d y  been  mentioned t h a t  a predominant  e x c i t a t i o n  t h r o u g h  

e l e c t r o n  c o l l i s i o n s  would n o t ,  a c c o r d i n g  t o  t h e  r e s u l t s  o f  t h e  i n v e s t i g a -  

t i o n  o f  Kemy-Eattiau,  e x p l a i n  t h e s e  c a s e s .  One c o n c e i v a b l e  61 t e r n a t i v e ,  

t h a t  of two quantum t r a n s i t i o n s  betmeen t h e  s t a t e s  'D and 'P i s  l i k e w i s e  

e x c l u d e d ,  s i n c e  t h e s e  t r a n s i t i o n s  a r e  doubly f o r b i d d e n .  

The o n l y  p o s s i b i l i t y  o f  u n d e r s t a n d i n g  t h e s e  c a s e s  a p p e a r s  t o  l i e  i n  

a t t a i n m e n t  of  t h e  '5 s t a t e  th rough p h o t o d i s s o c i a t i o n  o r  d i s s o c i a t i v e  re- 

combina t ion ,  w h i l e  t h e  d e - e x c i t a t i o n  o f  t h e  ', s t a t e  r e s u l t s  from c o l l i -  

s i o n s  o f  e l e c t r o n s  t h e  mean energy  o f  which l i e s  o n l y  i n  t h e  r a n g e  o f  



1 - 2 v o l t s ,  s o  t h a t  c o l l i s i o n  e x c i t d t i o n  o f  t h e  upper  s t a t e  rnay be  l e f t  

o u t  o f  c o n s i d e r a t i o n .  

t h e  t e m p e r a t u r e  r a n g e  i n  q u e s t i o n  (10 K) is  a b o u t  7 x 

a c c o r d i n g  t o  S e a t o n  ( 1 9 5 6 a ) ;  hence d e e x c i t a t i o n  i n  l o2  o r  lo1 s e c  r e q u i r e s  

e l e c t r o n  d e n s i t i e s  o f  e a s i l y  lo6 or lo7 ~ m - ~ .  

a r e  h i g h e r  i n  o r d e r  o f  magni tude  t h a n  would be  assumed on t h e  b a s i s  o f  

a l l  o t h e r  d a t a .  I n  t h e  E a r t h ' s  a tmosphere ,  which we s h a l l  c i t e  f o r  t h e  

s a k e  of Comparison, t h e  e m i s s i o n  o f  t h e  g reen  l i n e  p r e d o m i n a t e s  i n  n i g h t  

s k y  l u m i n o s i t y  a t  a l t i t u d e s  l o w e r  t h a n  a b o u t  120 hi (Sea ton  1958b)  ( l o n e r  

l i m i t  o f  t h e  e m i s s i o n  a t  a p p r o x i m a t e l y  100 km). A t  t h e s e  a l t i t u d e s  t h e  

t o t a l  p a r t i c l e  d e n s i t y  d e c r e a s e s  f r o m  a b o u t  1013 t o  10l2 cmF3, and t h a t  o f  

m o l e c u l a r  oxygen more s h a r p l y ,  s i n c e  p h o t o d i s s o c i a t i o n  makes i t s e l f  f e l t  

t o  an i n c r e a s i n g  e x t e n t  a t  100 k m  a n d  above. 

The p r o b a b i l i t y  o f  e x c i t a t i o n  fron! t h e  'E s t a t e  i n  

4 0  -1 cm3 s e c  

These  e l e c t r o n  d e n s i t i e s  

*I 

The d e p o p u l a t i o n  of  t h e  ID l e v e l  i s  b r o u g h t  a b o u t  h e r e  by c o l l i s i o n s  

w i t h  n e u t r a l  molecules .  The r a t i o  o f  t h e  i n t e n s i t y  o f  t h e  r e d  d o u b l e t  t o  

t h a t  o f  t h e  g r e e n  l i n e  w a s  e x p l a i n e d  by S e a t o n  (1958b) by r e a c t i o n  r a t e s  

o f  c x 10 -11 3 -14 cm / s e c  f o r  r e s o n a n c e  c o l l i s i o n s  w i t h  O2 and by 3 x 1 0  

3 cm / s e c t  f o r  any o t h e r  c o l l i s i o n s  ( p r e d o m i n a n t l y  w i t h  N ). The e l e c t r o n  

d e n s i t y  o f  l e s s  t h a n  l o 5  

t h e  phenomenon. 

2 

i s  t o o  low a t  t h e s e  a l t i t u d e s  t o  e x p l a i n  

T h e r e  do n o t  a p p e a r  t o  be any  c o m p e t i t i v e  p r o c e s s e s  w i t h  a h i g h e r  r e -  

a c t i o n  r a t e ;  a t  l e a s t ,  t h e  a u t h o r s  have  n o t  s u c c e e d e d  i n  f i n d i n g  any.  O f  

c o u r s e ,  i t  must b e  a d m i t t e d  t h a t  n o t  enough i s  known a b o u t  t h e  c o r r e s p o n d i n g  

f i g u r e s ,  s a y  f o r  c o l l i s i o n s  o f  0 atoms i n  t h e  ' 0  s t a t e  w i t h  m o l e c u l e s ,  o r  

r e a c t i o n s  w i t h  m o l e c u l e s  ( s t i l l  t o  b e  d i s c u s s e d ) ,  t o  p e r m i t  a d e f i n i t i v e  

d e c i s i o n  i n  t h i s  q u e s t i o n .  

* ) F o r  t h e  l a t e s t  d a t a  s e e ,  f o r  example,  R.  A .  Hord (1962).  

10 



Hence i t  a p p e a r s  t h a t  we h a v e  o n l y  the  f o l l o w i n g  a l t e r n a t i v e s :  e i t h e r  

s p e c i a l  c i r c u m s t a n c e s  p l a y  a more i m p o r t a n t  p a r t  i n  t h e  c a s e  of t h e  n o t  t o o  

numerous comets i n  which t h e  g r e e n  l i n e  h a s  been found i n  p r e d o m i n a t i n g  i n -  

t e n s i t y  than  h a s  h i t h e r t o  b e e n  p e r c e p t i b l e  from t h e  o b s e r v a t i o n  d a t a  ( w i t h  

t h e  1948 I comets ,  f o r  example,  t h e  emiss ion  e x t e n d e d  e x c e p t i o n a l l y  i n t o  

t h e  t a i l ,  b u t  w i t h  a d i s t r i b u t i o n  e n t i r e l y  d i f f e r e n t  from t h e  e m i s s i o n  o f  

CO'), o r  t h e  gas d e n s i t i e s  i n  t h e s e  c a s e s  a r e  s t i l l  somewhat h i g n e r  t h a n  

d i s c u s s e d  h e r e ,  s o  t h a t  t h e  c o n d i t i o n s  become more l i k e  t h o s e  i n  t h e  c o r r e -  

s p o n d i n g  l a y e r s  o f  t h e  E a r t h ' s  a tmosphere.  

5 .  D e n s i t y  D i s t r i b u t i o n  And Tempera ture  o f  E l e c t r o n s  I n  The Coma 

A t  t h i s  p o i n t  l e t  u s  t a k e  up t h e  r o l e  of e l e c t r o n s  a g a i n .  F r e e  e l e c -  

t r o n s  a r i s e  i n s i d e  t h e  h e a d  o f  t h e  comet, p r e d o m i n a n t l y ,  i t  i s  assumed,  by 

p h o t o i o n i z a t i o n .  I f  t h e  m o l e c u l e  d e n s i t y  i s  g i v e n  by 

then  t h e  e l e c t r o n  d e n s i t y  n i n  t h e  o u t e r  r e g i o n s  o f  t h e  cometary atmos- 

p h e r e ,  i n s o f a r  as  t h e y  a r e  o p t i c a l l y  t h i n  t o  i o n i z i l z g  r a d i a t i o n ,  i s  i n  ap- 

e 

p r o  xima t i o n  

CY = i o n i z a t i o n  p r o b a b i l i t y .  
i 

A d i s t i n c t i o n  i s  made h e r e  between t h e  v e l o c i t y  v o f  t h e  n e u t r a l  mol  

m o l e c u l e s  a n d  t h e  ( r a d i a l )  v e l o c i t y  v o f  t h e  i o n s ,  which l a t t e r  i s  s t i l l  
P l  

t o  b e  d i s c u s s e d  a t  t h e  end o f  t h i s  s e c t i o n .  We may s e t  v = v f o r  pl mol 

small d i s t a n c e s  from t h e  cometary n u c l e u s .  n ( r )  does  n o t  i n c r e a e e  random- e 

l y  toward t h e  i n t e r i o r ,  s i n c e  t h e  i o n i z i n g  r a d i a t i o n  i s  s c r e e n e d  o u t  t h e r e ;  

i t  h a s  a maximum a t  an  o p t i c a l  t h i c k n e s s  i n  t h e  v i c i n i t y  o f  

assume an a b s o r p t i o n  c r o s s - s e c t i o n  o f  (T sz 

2 " ~  1. If w e  

cm2 , t h e  r a d i u s  o f  maximum 

11 
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e l e c t r o n  d e n s i t y  is c a l c u l a t e d  from pwp & = Q 
*I-- %~ %bt k t  

w i t h  a/vmol = loz5 m o l e c u l e s  p e r  s o l i d  

( 3 )  

a n g l e  and cm a l o n g  r ( s e e  S e c t i o n  31, 

r = 1,OGG km. The e l e c t r o n  d e n s i t y  a t  t h i s  p o i n t  s h o u l d  anlount t o  ap- T= 1 

~ ~~ ~~ 

-6 -1 
P l  

Accord ing  t o  T a b l e  1, CY. w 1/2 x 10 s e c  ; 1 kn/sec i s  assumed f o r  v 

E Q u a t i o n  (4)  g i v e s  an u p p e r  l i n i t  f o r  e l e c t r o n  d e n s i t y ,  i n d e p e n d e n t l y  o f  

1 

t h e  p r o d u c t i o n  Q o f  t h e  comet. 

The w a v e l e n g t h  dependence o f  t h e  i o n i z a t i o n  c r o s s - s e c t i o n s  t o g e t h e r  

w i th  t h e  u l t r a v i o l e t  r a d i a t i o n  o f  t h e  s u n  h a s  t h e  r e s u l t  t h a t  t h e  e l e c t r o n s  

a r e  f i r s t  r e l e a s e d  w i t h  a n  a v e r a g e  k i n e t i c  energy  o f  more t h a n  1 0  ev. T h i s  

h i g h  e n e r g y  v a l u e  i s  e x p l a i n e d  l a r g e l y  by t h e  s t r o n g  r a d i a t i o n  i n t e n s i t y  o f  

t h e  s u n  i n  t h e  He I r e s o n a n c e  l i n e  a t  584 2 and t h e  R e  I1 Ly o[ l i n e  at 304 

8. Heat exchange o f  t h e  e l e c t r o n s  among t h e m s e l v e s  c h i e f l y  competes  w i t h  

c o o l i n g  t h r o u g h  i n e l a s t i c  c o l l i s i o n  p r o c e s s e s .  The r a t e  o f  e l a s t i c  momentum 

compensat ion o f  t h e  e l e c t r o n s  anong t h e m s e l v e s  i s  abou t  2 x 10  cm /set.+> -6 3 

4 
A t  a d e n s i t y  o f  10 e lec t rons /cm3 t h i s  l e a d s  t o  a t i m e  s c a l e  o f  -50 

s e c  w 1 min p r i o r  t o  c e s s a t i o n  o f  a Maxwellian v e l o c i t y  d i s t r i b u t i o n .  

A t  f i r s t ,  i . e . ,  s o  l o n g  as  t h e  energy  o f  t h e  e l e c t r o n s  i s  2 5 ev ,  t h e  

c o o l i n g  i s  e f f e c t e d  by e x c i t a t i o n  o f  h i g h e r  e l e c t r o n  s t a t e s ,  d i s s o c i a t i o n ,  

and  i o n i z a t i o n  o f  t h e  molecules .  I f  we assume a c r o s s - s e c t i o n  o f  a b o u t  

1 0 - ~ 7  cm2 f o r  t h e s e  p r o c e s s e s ,  t h e  c o o l i n g  r a t e  i s  ~2 x 

The l a t t e r  i s  t o  b e  m u l t i p l i e d  by t h e  molecule  d e n s i t y  t o  o b t a i n  t h e  t i m e  

cm3/,cec. 

- s c a l e  o f  t h e  c o o l i n g .  

* ) S e e ,  f o r  example,  R .  L u e s t ,  3'. Meyer, E. T r e f f t z ,  L. Biermann (1962). 
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I f ,  a s  above,  w e  assume a p r o d u c t i o n  Q o f  t h e  cometary n u c l e u s  s u c h  

t h a t  Q/vmO1 w 

s e v e r a l  d n u t e s  a t  a d i s t a n c e  o f  same 10,000 km from t h e  n u c l e u s  (n  r2: 

l o 6  + l o 7  cm-'). 

u l t i m a t e l y  r o t a t i o n  e x c i t a t i o n  o f  m o l e c u l e s  have l a r g e  c r o s s - s e c t i o n s  ( u p  

t o  some 10  cm >, s o  t h a t  t h e  c o o l i n g  s h o u l d  p r o c e e d  even more r a p i d l y  

i n  t h i s  r e g i o n .  

m o l e c u l e s  p e r  cm and s o l i d  a n g l e ,  t h e  c o o l i n g  t a k e s  

m o l  

For  l o w e r  e l e c t r o n  e n e r g i e s  ( <, 5 e v ) ,  v i b r a t i o n ,  and  

-16 2 

For  energy r e a s o n s  eacn e l e c t r o n  can accompl ish  o n l y  1 t o  2 c o l l i s i o n s  

o f  t h e  f i r s t  k i n d  ( e l e c t r o n  e x c i t a t i o n ,  d i s s o c i a t i o n ,  i o n i z a t i o n ) .  S i n c e  

t h e  number o f  e l e c t r o n s  i n  t h e  head o f  t h e  comet depends on t h e  e f f e c t i v e -  

n e s s  o f  p h o t o i o n i z a t i o n  by t h e  s u n ,  e l e c t r o n  c o l l i s i o n  p r o c e s s e s  a r e  t o  b e  

i g n o r e d  i n  f a v o r  o f  p h o t o  p r o c e s s e s  t o  t h e  e x t e n t  t h a t  t h e  r a d i a t i o n  i n t e n -  

s i t y  o f  t h e  sun  which c a u s e s  t h e  i o n i z a t i o n  i s  small  i n  comparison t o  t h a t  

which c a u s e s  t h e  p r o c e s s  u n d e r  c o n s i d e r a t i o n ,  e.g. e x c i t a t i o n  (due a l low-  

a n c e  b e i n g  made f o r  t h e  o s c i l l a t o r  s t r e n g t h s  o f  t h e  p r o c e s s e s ) .  T h i s  n;ayLes 

i t  c l e a r  t h a t  e l e c t r o n  c o l l i s i o n  p r o c e s s e s  a r e  o f  no i m p o r t a n c e  f o r  e x c i t a -  

t i o n s  i n  t h e  v i s i b l e  r e g i o n s ,  r e g a r d l e s s  o f  any a s s u m p t i o n s  a s  t o  t h e  d e n s i -  

t i e s .  

For  v i b r a t i o n  e x c i t a t i o n  t h e  c o l l i s i o n  c r o s s - s e c t i o n s  a r e  e s s e n t i a l  

o n l y  f o r  e n e r g i e s  between abou t  5 t o  10 v i b r a t i o n  q u a n t a  ( G .  J. S c h u l z  1962;  

A. Berzenberg ,  F. H a n d l  1962). S i n c e  on t h e  a v e r a g e  2 t o  3 q u a n t a  a r e  ex- 

c i t e d  p e r  c o l l i s i o n ,  i n  t h i s  c a s e  as  me11 each e l e c t r o n  can accompl ish  o n l y  

abou t  2 c o l l i s i o n s  b e f o r e  i t s  energy  becorr,es t o o  low f o r  t h i s  e x c i t a t i o n .  

b x c i t a t i o n  o f  t h e  f o r b i d d e n  oxygen l e v e l s  f a l l s  i n  t h e  same energy  r e g i o n .  

'I'he e l e c t r o n  c o l l i s i o n  c r o s s - s e c t i o n s  f o r  t h i s  purpose  a r e  s m a l l e r  t h a n  t h o s e  

f o r  v i b r a t i o n  e x c i t a t i o n .  Iience o f  t h e  a v a i l a b l e  e l e c t r o n s ,  x h i c h  a r e  few 

t o  begin  w i t h ,  t h e  m a j o r i t y  a r e  c o o l e d  t o  e n e r g i e s  below 2 e v ,  w i t h o u t  



h a v i n g  e x c i t e d  an oxygen atom t o  a f o r b i d d e n  t r a n s i t i o n .  

The d e n s i t y  o f  t h e  e l e c t r o n s  i s  f u r t h e r  l i m i t e d  by d i s s o c i a t i v e  r e -  

combinat ion.  I f  we c o n s i d e r  f o r  a molecule  c l a s s  j t h e  e a L u i l i b r i u m  between 

p h o t o i o n i z a t i o n  ( p r o b a b i l i t y  CY. j ) , d i s s o c i a t i v e  r e c o m b i n a t i o n  ( r e c o m b i n a t i o n  
1 

3 r a t e  y (cm /set)) and o u t f l o w  ( m o l e c u l a r  v e l o c i t y  vmol, i o n i c  v e l o c i t y  
j 

-1 v >, t h e  ion d e n s i t y  i s  p r o p o r t i o n a l  t o  r : For  
- -- P1 

t h e  d i f f e r e n t i a l  e q u a t i o n  
~ 

~~~ - - ~ ~ _  
- ~_ 

= - N;.nehj + 2 GE a i  ( 6 )  d N j  
re & i %hd _ _ ~  

7u 

i s  v a l i d ;  & .  = p r o d u c t i o n a e r  s o L i d  a n g l e  and sec  f o r  t h e  n e u t r a l  molecule j ;  
J 

n = 2 n i s  t h e  e l e c t r o n  d e n s i t y .  The e q u a t i o n  i s  s o l v e d  by 
- e j - 

w i t h  

-~~ ~ - -  ~ .~ ~ ~ ~ ~ -~ 
3 ~~ 

F o r  a n  ion c l a s s  w i t h  h i g h  d i s s o c i a t i v e  r e c o m b i n a t i o n ,  s a y  y .  = c m  / s e c ,  
J 

-6 -1 t h e  f i rs t  c o n d i t i o n  (assuming aJ = 1/2 x 10 s e c  ) y i e l d s  i 

_ _  k ~- 

ClO) 

The e l e c t r o n s  a re  y i e l d e d  p r i m a r i l y  by m o l e c u l e s  whose d i s s o c i a t i v e  recom- 

b i n a t i o n  r a t e  i s  smal l .  Then, w i t h  t h e  v a l u e s  o f  Q and v assumed i n  t h i s  

p a p e r ,  t h e  s e c o n d  o f  t h e  i n e q u a l i t i e s  g i v e n  above i s  g e n e r a l l y  t h e  d e c i s i v e  

o n e ,  s p e c i f i c a l l y ,  as soon as  

14 



Q 

~ - -  -~ 

-8 -1 a F p r o x i m a t e l y  when y 10 cm3 s e c  . ‘That i s  t o  s a y ,  t h e  e l e c t r o n  
j 

(11) 

d e n s i t y  i s  d e t e r m i n e d  u n d e r  t h e s e  c o n d i t i o n s  by t h e  o u t f l o w  v e l o c i t y  and 

n o t  by d i s s o c i a t i v e  r e c o m b i n a t i o n .  

L a s t l y ,  l e t  u s  e s t ima te  t h e  i n f l u e n c e  o f  t h e  e l e c t r o n s  on t h e  plasma 

v e l o c i t y .  I f  we assume t h a t  t h e  k i n e t i c  t e m p e r a t u r e  o f  t h e  e l e c t r o n s  i n  

e q u i l i b r i u m  w i t h  t h e  i o n s  b a l a n c e s  o u t  a t  a b o u t  1 ev,  t h e  i s o t h e r m a l  acous-  

t i c  v e l o c i t y  i n  t h e  p lasma i s  a b o u t  3 km/sec ( t h e  mean m o l e c u l a r  weight  

b e i n g  assumed as  10). F o r  t h e  o u t f l o w  v e l o c i t y  o f  t h e  plasma we g e n e r a l l y  

h&ve a small m u l t i p l e  o f  t n e  i so tk i e rma l  a c o u s t i c  v e l o c i t y ,  a b o u t  10 km/sec 

a t  a d i s t a n c e  o f  some 10,000 km from t h e  n u c l e u s .  Hence i t  i s  l/Z t o  1 

o r d e r  o f  magni tude  h i g h e r  t h a n  t h e  v e l o c i t y  o f  t h e  n e u t r a l  g a s .  A p r e -  

r e q u i s i t e  f o r  t h i s  c o n s i d e r a t i o n  i s  t h a t  t h e  Debye l e n g t h  2, be  small i n  

comparison t o  t h e  dimension o f  t h e  comet, i t  b e i n g  s a t i s f a c t o r i l y  met i n  

* >  this c a s e  by 2, NN 10 cm. 

6. The G a s  P r o d u c t i o n  O f  Comets 

VJe s h a l l  compare t h e  f i g u r e s  found f o r  g a s  p r o d u c t i o n  f irst  w i t h  d a t a  

of a d i f f e r e n t  o r i g i n ,  p r i m a r i l y  w i t h  mass l o s s e s  i n  t h e  form o f  d u s t .  ‘I’he 

l a t t e r  were i n v e s t i g a t e d  by W .  L i l l e r  (1960) f o r  t h e  Arend-Roland 1956h and 

Mrkos l 9 5 7 d  comets,  b o t h  o f  which showed t h e  r e d  d o u b l e t  d i s t i n c t l y .  L i l l e r  

found v a l u e s  o f  0.9 and  2 f o r  t h e  t o t a l  mass o f  t h e  d u s t  which a t  

a c e r t a i n  momeat c d n t r i b u t e d  t o  t h e  v i s i b l e  d u s t  t a i l ,  a n d  a mass l o s s  o f  

0.8 x 10 and 1 x 10 g r / s e c ,  a l l o w i n g  f o r  t h e  a c c e l e r a t i o n  by l i g h t  

p r e s s u r e .  A mass l o s s  o f  mol/sec from t h e  mean m o l e c u l a r  weigh:; o f  20 

8 9 

8 would c o r r e s p o n d  t o  3 x 10 g r / sec .  According t o  t h e  “ i c y  conglomera te  

* >  - G . q h  dz& S e e ,  for example,  L. S p i t z e r  (1956).  
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model" c o n c e p t i o n s  o f  Whipple  (1950, 1951), t h e  t o t a l  mass o f  t h e  mole- 

c u l e s ,  p r e s e n t  as i c e ,  s h o u l d  above  all b e  comparable  t o  t h e  hydrogen 

compounds o f  oxygen, n i t r o g e n ,  and carbon o r  be  a s n a l l  m u l t i p l e  o f  t h e  

mass o f  d u s t  m a t t e r .  Hence t h e  h i g h  f r e q u e n c y  h e r e  p o s t u l a t e d  o f  h i t h e r -  

t o  unobserved  gases  i n  t h e  cometary atmosphere a g r e e s  w i t h  Whipple ' s  t h e -  

ory.  S i m i l a r l y ,  t h e  t o t a l  masses  a r e  compat ib le  w i t h  t h o s e  e s t i m a t e d  from 

t h e  l i f e t i m e  a n d  p r o b a b l e  d i a m e t e r  o f  t h e  s o l i d  n u c l e u s :  If a comet o v e r  

a p e r i o d  o f  a b o u t  lo9 s e c  on an a v e r a g e  l o s e s  l o 9  gr / sec  I n  e a c h  c a s e  i n  

t h e  v i c i n i t y  o f  t h e  s u n  ( L i l l e r  19601, t h i s  would c o r r e s p o n d  t o  a t o t a l  

l o s s  of b e f o r e  i t s  complete  d i s i n t e g r a t i o n ;  on t h e  o t h e r  hand ,  t h e  

t o t a l  volume of a comet w i t h  a n  ( i n i t i a l )  r a d i u s  o f  10 km would b e  10  18.6 

3 cffi . 
The g e n e r a l  q u e s t i o n  o f  whether  i t  i s  p r o b a b l e  t h a t  t h e  n e u t r a l  mole- 

El 0, CO,HCN, e t c . ,  which cannot  

b e  o b s e r v e d  from t h e  s u r f a c e  o f  t h e  E a r t h ,  p redominate  i n  comparison t o  

3 * * * . '  2 L 
c u l e s  s u c h  as CH 4 ,  C2H4 ...e, NH 

t h e  m a s s  o f  t h o s e  which a r e  i n  e v i d e n c e  i n  t h e  s p e c t r a  o f  t h e  h e a d  a n d  t a i l  

h a s  been  r e p e a t e d l y  d i s c u s s e d .  Foloskow (1957) f i p d s  t h a t  t h e  p r e s e n c e  o r  

a b s e n c e  o f  o t h e r  m o l e c u l e s  cannot  b e  concluded  f r o m  t h e  o b s e r v a b l e  s D e c t r a .  

The n o l e c u l e s  r e f e r r e d  t o  above have  i n  t h e  v i s i b l e  p o r t i o n  o n l y  Sands 

which c o r r e s p o n d  t o  t r a n s i t i o n s  between e x c i t e d  l e v e l s .  I n  t h e  cometary 

a tmosphere ,  however, o n l y  e x c i t a t i o n  o f  r e s o n a n c e  bands from t h e  ground 

s t a t e  i s  t o  b e  e x p e c t e d .  G e n e r a l l y  speaking, t h i s  i s  h a s e d  on t h e  circum- 

s t a n c e  t h a t  t h e  d i l u t i o n  f a c t o r  o f  solar r a d i a t i o n  amounts t o  a b o u t  

a t  a d i s t a n c e  of  1 A U  i n  i n t e r p l a n e t a r y  s p a c e ,  s o  t h a t  e x c i t e d  s t a t e s  

( e x c e p t  f o r  o n e s  i n  which s p e c i a l  c o n d i t i o n s  a r e  p r e s e n t )  s h o u l d  g e n e r a l l y  

be u n d e r p o p u l a t e d  i n  comparison t o  t h e  p o p u l a t i o n  t o  b e  e x p e c t e d  i n  t h e  

s o l a r  a tmosphere  . 



A f a c t  o f  i n t e r e s t  i n  c o n n e c t i o n  w i t h  t h e  q u e s t i o n  o f  t h e  t o t a l  den- 

s i t y  o f  g a s e o u s  matter i n  cometary a tmospheres  is t h a t  t h e  t e m p e r a t u r e  de- 

2 r i v e d  from t h e  p o p u l a t i o n  o f  t h e  v i b r a t i o n a l  s t a t e s  o f  t h e  s y m m e t r i c a l  C; 

molecule  i s  of  t h e  o r d e r  o f  s e v e r a l  thousand d e g r e e s ,  w h i l e  t h e  c o r r e s p o n d i n g  

t e m p e r a t u r e s  f o r  CN and CO' a r e  f a r  lower  (WURN 1959). U n f o r t u n a t e l y ,  f o r  

t h e  t i m e  b e i n g  t h e  d a t a  which vvould b e  r e q u i r e d  f o r  a q u a n t i t a t i v e  i n t e r -  

p r e t a t i o n  o f  t h i s  o b s e r v a t i o n  a r e  s t i l l  l a c k i n g .  F u r t h e r m o r e ,  t h e  t o t a l  

gas p r o d u c t i o n  must b e  g r e a t e r  t h a n  t h a t  which l e a d s  i n  one of  t h e  Nays 

d i s c u s s e d  t o  t h e  emiss ion  o f  t h e  L O 1 3  l i n e s .  It  may d s o  be  s a f e l y  assumed 

t h a t  t h e  gas p r o d u c t i o n  w i l l  v a r y  c o n s i d e r a b l y  from comet t o  c o a e t  and  w i t h  

c h a n g i n g  d i s t a n c e  from t h e  Sun. I f  an u n v a r y i n g  p r o d u c t i o n  Q = lo3' p a r t i -  

c l e s / s e c  x s o l i d  a n g l e  i s  t a k e n  a6 a b a s i s  f o r  t h e  f o l l o w i n g  d i s c u s s i o n ,  

t h i s  i s  done mere ly  f o r  t h e  s a k e  o f  n o t  h a v i n g  a lways  t o  i n t r o d u c e  a cor-  

r e s p o n d i n g l y  wide margin ;  t h e  i n f l u e n c e  o f  t h e  dependenc?e on t h e  a c t u a l  

p r o d u c t i o n  may b e  s e e n  w i t h  no  d i f f i c u l t y .  The r o u g h l y  c i r c u l a r  shape  o f  

t h e  coma i n  t h e  e m i s s i o n s  o f  n e u t r a l  m o l e c u l e s  s u g g e s t s  t h e  assumption t h a t  

t h e  p r o d u c t i o n  of g a s  from t h e  s u r f a c e  p r o c e e d s  i s o t r o p i c a l l y  i n  t h e  f i r s t  

a p p r o x i m a t i o n ,  p r o b a b l y  i n  consequence o f  s u f f i c i e n t l y  r a p i d  r o t a t i o n .  

7. D e n s i t y  And Tempera ture  D i s t r i b u t i o n  O f  Molecules  I n  The Coma. 

Viith t h e  d e n s i t y  d i s t r i b u t i o n ,  e q u a t i o n  (l), 

t h e  f o l l o w i n g  i s  o b t a i n e d  f o r  t h e  number o f  m o l e c u l e s  a l o n g  a v i s u a l  r a y  

p a s s i n g  t h e  cometary n u c l e u s  a t  a d i s t a n c e  s:  - 

* ) F o r  more c o m p l i c a t e d  d e n s i t y  d i s t r i b u t i o n s  L .  H a s e r  (1957) g i v e s  the  
e x p r e s s i o n  f o r  t h e  n u n b e r  o f  p a r t i c l e s  along: a v i s u a l  r a y .  
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4' Most m o l e c u l e s  a re  s u b j e c t  t o  d i s s o c i a t i o n  i n  s u n l i g h t .  F o r  CI-I 

I: 0 ,  and o t h e r s  t h e  f i rs t  d i s s o c i a t i o n  depends on t h e  i n t e n s i t y  i n  Ly w. 

I f  we assume a d i s s o c i a t i o n  p r o b a b i l i t y  CY = s e c  ( s e e  T a b l e  11, t h e  

d e n s i t y  o f  a t o m i c  hydrogen,  p r o v i d e d  t h a t  s u b s e q u e n t  r e a c t i o n s  c o u l d  b e  i g -  

n o r e d ,  would be 

2 
-1 

d 

-~~~ ~ i ~ ~ -  
~~ ~ n 

This formula  is v a l i d  f o r  1,000 krcs r 250,000 km. Below r L 1,000 km t h e  

d i s s o c i a t i n g  r a d i a t i o n  i s  s c r e e n e d  o u t ,  i . e . ,  t h e  o p t i c a l  t h i c k n e s s  o f  t h e  

l a y e r  above is 1. E x t i n c t i o n  of t h e  p a r e n t  m o l e c u l e s  becomes n o t i c e a b l e  

above 50,000 la. The o b s e r v a t i o n s  even s u g g e s t  t h a t  a l a r g e  p o r t i o n  o f  t h e  

d i s s o c i a t i o n s  i s  v i r t u a l l y  completed even a t  10,000 krn ( M i l l e r  1961,  Wurm 

196lb). A t  d i s t a n c e s  o f  t h e  o r d e r  o f  100,000 lun a p a r t  o f  t h e  m o l e c u l e s  

such  a s  CY4 would a l r e a d y  be  d i s s o c i a t e d  s e v e r a l  t i m e s .  

t u r e s  of  t h e  r e s u l t i n g  f r e e  a toms -- kT a t  f i rs t  s e v e r a l  e v  -- is a s o u r c e  

The h i g h e r  t e n p e r a -  

o f  h e a t  f o r  t h e  a tmosphere .  ( F o r  o p t i c a l  t h i c k n e s s  i n  Ly Cy, s e e  t h e  n e x t  

s e c t i o n ) .  

I t  i s  u s e f u l  f o r  t h e  f o l l o w i n g  d i s c u s s i o n s  t o  v i s u a l i z e  t h e  l a y e r s  o f  

t h e  E a r t h ' s  a tmosphere  t o  which t h e  cometary a tmosphere  c o r r e s p o n d s  w i t h  r e -  

s p e c t  t o  t n e  i n f l u e n c e  o f  t h e  u l t r a v i o l e t  r a d i a t i c l n  o f  t h e  Sun. The t o t a l  

t h i c k n e s s  o f  t h e  E a r t h ' s  a tmosphere above t h e  l e v e l  w i t h  p r e s s u r e  p (dyn/cmL) 

2 
i s  a b o u t  2.0 x x p molecules/cm . If we assume t h e  r a d i u s  o f  t h e  co- 

3 

metary  n u c l e u s  a s  b e i n g  10 km, o v e r  t h e  s u r f a c e  o f  t h e  l a t t e r  t h e r e  a r e  

2 2 molecules /cn  , which on E a r t h  c o r r e s p o n d  t o  p w 1/2 dyn/cm , t h a t  i s ,  

f a i r l y  e x a c t l y  t o  t h e  100 km l e v e l  o f  t h e  E a r t h ' s  a tmosphere (Hord 1962). 

The number of m o l e c u l e s  above  a c e r t a i n  l e v e l  i n  t h e  cometary a t m o s p h e r e ,  

a g a i n  if we a t  f i r s t  d i s r e g a r d  t h e  i n f l u e n c e  o f  d i s s o c i a t i o n ,  d e c r e a s e s  



i n v e r s e l y  t o  t h e  f i r s t  power o f  t h e  d i s t a n c e  from t h e  cometary n u c l e u s .  A s  

r e g a r d s  t h e  d e c i s i v e  a b s o r p t i o n  c r o s s - s e c t i o n s  f o r  u l t r a v i o l e t  r a d i a t i o n ,  

r e f e r e n c e  may b e  made, f o r  example,  t o  N i c o l e t ' s  r e p r e s e n t a t i o n  (19661). 

Hence t h e  l a y e r s  o f  t h e  t e r r e s t r i a l  " thermosphere"  o r  "chemosphere" whose 

l o w e r  boundary i s  assumed t o  b e  between a b o u t  90 and 100 k m  a n d  i n  which 

t h e  t e m p e r a t u r e  r i s e s  w i t h  i n c r e a s i n g  a l t i t u d e  from a b o u t  200 t o  abo2ut 1,500 
0 K ,  would c o r r e s p o n d  t o  t h e  d i s t a n c e  between 10 and 1,000 lun from t h e  cometary 

The upper  boundary c o r r e s p o n d s  o n l y  t o  /ri 1017 nolecules /cm ; 
2 

n u c l e u s .  

above i t  o n l y  c e r t a i n  s p e c t r a l  r e g i o n s  a r e  p a r t i a l l y  abso rbed ,  b u t  n o t  com- 

p l e t e l y  e x t i n g u i s h e d .  Consequent ly ,  d e s p i t e  t h e  d i f f e r e n c e s  i n  chemica l  com- 

p o s i t i o n ,  one may s a f e l y  assume t h a t  h e a t i n g  by t h e  u l t r a v i o l e t  r a d i a t i o n  

o f  t h e  Sun p l a y s  a n  e s s e n t i a l  r o l e  i n  t h e  cometary atmosphere a n d  t h a t  -kinet- 

i c  t e m p e r a t u r e s  of t h e  o r d e r  of 1,000 - 2,000 K a r e  t o  be r e g a r d e d  a s  normal  

f o r  n e u t r a l  gas. O f  c o u r s e ,  t h e  r e s u l t  o f  t h e  d i f f e r e n c e  i n  t h e  a v a i l a b l e  

t i m e  s c a l e  -- o n l y  20,000 km c o r r e s p o n d s  a t  1 km/sec t o  a b o u t  one- four th  o f  

a day, w h i l e  t h e  t i m e  s c a l e  f o r  t h e  a b s o r p t i o n  o f  s u n l i g h t  i s  o f  t h e  o r d e r  

o f  one day -- i s  t h a t  t h e  " thermosphere"  o f  t h e  comet must b e  f a r  more ex- 

t e n s i v e .  F u r t h e r m o r e ,  i t  i s  r e a s o n a b l e  t o  q u e s t i o n  t h e  e x t e n t  t o  which t h e  

s t r u c t u r e  o f  t h e  c o n e t a r y  atmosphere can b e  d e s c r i b e d  by  e q u a t i o n s  a f t e r  

t h e  ana logy  of t h o s e  which have been  d i s c u s s e d  by P a r k e r  (1961, 1963)  i n  con- 

n e c t i o n  w i t h  t h e  t h e o r y  of t h e  c o n t i n u o u s  components o f  s o l a r  c o r p u s c u l a r  

r a d i a t i o n  ( " s o l a r  wind").  An e s s e n t i a l  d i f f e r e n c e  n a t u r a l l y  l i e s  i n  t h e  

c i r c u m s t a n c e  t h a t  on t h e  comet t h e  a c o u s t i c  v e l o c i t y  o f  t h e  m a t t e r  e v a p o r a t -  

ed on t h e  s u r f a c e  is la rge  i n  comparison t o  t h e  e s c a p e  v e l o c i t y ,  which i s  

de termined  by t h e  g r a v i t a t i o n  p o t e n t i a l  of t h e  comet. One would a c c o r d i n g l y  

expec t  a v e l o c i t y  which i s  o f  t h e  o r d e r  o f  t h e  a c o u s t i c  v e l o c i t y ,  b u t  n o t  

a l a r g e  m u l t i p l e  of i t ,  a n d  which i n c r e a s e s  s l i g h t l y  toward  t h e  e x t e r i o r .  

0 



The a c o u s t i c  v e l o c i t y ,  as w e l l  as t h e  t e m p e r a t u r e s ,  i n c r e a s e  toward t h e  ex- 

t e r i o r .  Because o f  t h e  a s y m e t r y  o f  i r r a d i a t i o n  o f  t h e  cometary s u r f a c e  

and t h e  o t h e r  unknowns, t h e  comparison can s c a r c e l y  be c a r r i e d  f u r t h e r ,  ex- 

c e p t  t h a t  i t  may p e r h a p s  b e  s t a t e d  t h a t  t h e  r a t i o  o f  t h e  o b s e r v a b l e  o u t f l o w  

v e l o c i t y  t o  t h e  p r o b a b l e  v a l u e  of  t h e  i s o t h e r m i c  a c o u s t i c  v e l o c i t y  on t h e  

s u r f a c e  p r o p e r  o f  t h e  comet ( s e v e r a l  m/sec a c c o r d i n g  t o  Donn and Urey (1957)) 

a p p e a r s  r e a s o n a b l e .  I f  one follows Donn and  Urey and assumes a t e m p e r a t u r e  

o f  150 K on t h e  cometary s u r f a c e ,  t h e  p r e s s u r e  on t h e  cometary s u r f a c e  

would b e  o f  t h e  o r d e r  o f  magni tude  o f  1 0  - 1 dyn/cm a n d  t h e  d e c r e a s e  o u t -  

0 

-1 2 

wards would c o r r e s p o n d  t o  t h e  p a t t e r n  o f  d e n s i t y ,  t e m p e r a t u r e ,  and  m o l e c u l a r  

weight . 
8.  Resonance F l u o r e s c e n c e  R a d i a t i o n  I n  The F a r  U l t r a v i o l e t  

L a s t l y ,  i t  i s  o f  i n t e r e s t  t o  e s t i m a t e  t h e  l u m i n o s i t y  o f  a comet i n  t h e  

u l t r a v i o l e t  r e g i o n .  If  we assume a molecule  whose p a r t i a l  d e n s i t y  i s  com- 

p a r a b l e  t o  t h e  t o t a l  d e n s i t y  h e r e  assumed, t h e  f a c t  must  b e  t a k e n  i n t o  ac- 

coun t  t h a t  t h e  comet becomes o p t i c a l l y  d.ense i n  i t s  i n t e r i o r .  Vie s h a l l  f i r s t  

e s t i m a t e  t h e  o p t i c a l  c r o s s - s e c t i o n  o o f  a molecule .  I t  i s  

2 -17 cm2 (cx, f i n e  s t r u c t u r e  c o n s t a n t ;  a Bohr where 4 TO(nao = 0.8 10 
0' 

r a d i u s ) ,  f i s  t h e  o s c i l l a t o r  s t r e n g t h  and  AV/Ry t h e  w i d t h  o f  t h e  l i n e  i n  

Rydberg u n i t s .  F o r  f we must i n t r o d u c e  t h e  o s c i l l a t o r  s t r e n g t h  of an i n -  

F o r  AV w e  take t h e  Doppler  wid th  a t  a k i n e t i c  r o t  d i v i d u a l  r o t a t i o n  l i n e  f 

energy o f  3 t o  4 ev  and  a m o l e c u l a r  weight  o f  a b o u t  20. I f  we s e t  
~~ 

~~ 

= 10-3 AV/% = 10-5 

t h e n  

I f  we now assume, as above ,  t h a t  t h e  molecule  d e n s i t y  i s  g i v e n  by e q u a t i o n  



(1) w i t h  B/vmol = cm", a c c o r d i n g  t o  ( 3 )  t h e  r a d i u s  o v e r  which t h e  

mat ter  h a s  t h e  o p t i c a l  t h i c k n e s s  T m  1 is 

- - 
The o p t i c a l  t h i c k n e s s  a l o n g  a v i s u a l  r a y  a t  d i s t a n c e  r 

is  t h e n -  ( c f .  e q u a t i o n  (12) ) .  It d e c r e a s e s  as r ou twards .  I f  R i s  t h e  

from t h e  n u c l e u s  T= 1 
-1 

r a d i u s  up t o  which t h e  cometary r a d i a t i o n  i s  v i s i b l e ,  t h e  e f f e c t i v e  a r e a  f o r  

OF 

fo l lows  f o r  Rk 100,000 km. 
L a s t l y ,  w e  m u s t  a l s o  es t imate  t h e  p o r t i o n  o f  t h e  s p e c t r u m  which is ab- 

s o r b e d  i n  t h e  i n d i v i d u a l  l i n e s  of a band. Accord ing  t o  t h e  above e s t i m a t e s ,  

t h e  Dopp le r  w i d t h  at 2,000 4 is a b o u t  0.04 %. 

of t h e  r o t a t i o n  l i n e s  of  0.2 8 ,  t h e  s p e c t r a l  u t i l i z a t i o n  o f  s u n l i g h t  i s  

If w e  assume a mean d i s t a n c e  

a = 0.2. 

If A =  2,000 8 ,  one may assume ( H i n t e r e g g e r  1962) t h a t  t h e  s u n  r a d i a t e s  a b o u t  

ho tons 

cm2 s e c  
d bands  4 (1%) 

in t h e  r e g i o n  o f  a band of a w i d t h  o f  a b o u t  5 - 10 ( i . e . ,  25 - 50 r o t a t i o n  

l i n e s )  on to  t h e  comet ,  o f  which 

11.3  p h o t o n s  

cm s e c  2 w 10 a'bands 

a r e  abso rbed .  Then a c c o r d i n g  t o  e q u a t i o n s  (14b) and (l5b) t h e  t o t a l  r a d i a -  

t i o n  o f  the comet is 

p h o t o n s  ~ 

s e c  

hence  somewhat more t h a n  i n  t h e  v i s i b l e  r e g i o n .  Assuming a d i s t a n c e  o f  1 



AU between t h e  E a r t h  and t h e  comet,  t h e r e  would be  abou t  

,,5 p h o t o n s  
2 s e c  cm 

t o  measure i n  t h i s  c a s e .  T h i s  is a p p r o x i m a t e l y  as much as t h e  flow measured 

i n  t h i s  wavelength  r e g i o n  (,@ 2,000 2) (Alexande r ,  Bowen, Heddle 1963, band- 

w i d t h  - 300 8 ) .  
t o  t h e  r a d i a t i o n  of t h e  comet,  i t  s h o u l d  be  p o s s i b l e  t o  d e t e r m i n e  by r o c k e t  

measurements if t h e  d e n s i t i e s  assumed h e r e  are t h e  a c t u a l  ones .  S i n c e  a tomic  

hydrogen as w e l l  i s  t o  be  e x p e c t e d  w i t h  f a i r l y  g r e a t  f r equency  as a d i s s o c i a -  

t i o n  p r o d u c t ,  a c o r r e s p o n d i n g  f low s h o u l d  a l s o  be o b s e r v a b l e  i n  Ly a ,  e t c .  

The e n e r g y  flow i n  Ly s h o u l d  l e a d  t o  t r a n s i t i o n s  t o  t h e  t h i r d  quantum o r -  

b i t  o f  t h e  H I  and t o  emis s ion  i n  a b o u t  one -e igh th  of t h e  c a s e s .  However, 

the f low i n  Ly 9 i n  t h e  solar spec t rum is  o n l y &  l/lOO t h a t  i n  Ly a ( H i n t e -  

r e g g e r  1961). As r e g a r d s  t h e  e m i s s i o n ,  o t h e r w i s e  unexp la ined  by F. D.  M i l l e r  

(19621, which w a s  o b s e r v e d  i n  t h e  v i c i n i t y  o f  H a  i n  t h e  s p e c t r u m  of t h e  comet 

1955e  (Mrkos), an e v a l u a t i o n  o f  t h e  i n t e n s i t y  t o  be  expec ted  i s  o f  i n t e r e s t .  

F i r s t  o f  a l l ,  i t  is c l e a r  t h e  r a d i a t i o n  p r e s s u r e  on H I  a toms is n o t  al- 

S i n c e  presumably s e v e r a l  bands i n  t h e  u l t r a v i o l e t  c o n t r i b u t e  

t o g e t h e r  s m a l l .  The quantum flow p e r  f r equency  u n i t  i n  Ly CY amounts t o  

%/hU % 0.2 cm'2 ( t h e  e f f e c t i v e  l i n e  wid th  b e i n g  assumed as 1 8 ) ;  t h u s  we 

o b t a i n  from t h e  o s c i l l a t o r  s t r e n g t h  (0.42) (Unsoeld 1955) 

t r a n s i t i o n s  p e r  H atom i n  which a n  impu l se  o f  h3/c = 

(16) 

10-21 .2 g cm/sec i s  

r e c e i v e d .  The r e s u l t i n g  a c c e l e r a t i o n  i s  0.8 cm/sec2, s o  t h a t  a d i s t a n c e  

from t h e  n u c l e u s  of 4 10 k m  i s  reached  i n  10 s e c .  A quantum floM i n  

LY Q of b a r e l y  4 

F u r c e l l ,  Tousey 1961) . 

6 6 

-1 cm-2 s e c  is assumed h e r e  ( D e t w i l e r ,  G a r r e t ,  



I f  we c a l c u l a t e  t h e  e f f e c t i v e  o p t i c a l  c r o s s - s e c t i o n  f o r  t h e  Lyman l i n e s  

i n  acco rdance  w i t h  e q u a t i o n  (l3), t h e  Doppler  w id th  f o r  s e v e r a l  ev o f  k i n e t i c  

energy  b e i n g  i n t r o d u c e d  f o r  6 9 ,  we o b t a i n  
~ ~~ 

v ( L ~  a j2 I 10-13 cm2 
A 

and 

Wi th  t h e  p a r t i c l e  d e n s i t y  assumed above of Q/vmol x p a r t i c l e s  p e r  

s o l i d  a n g l e  and  cm a l o n g  r ,  t h e  r a d i u s  r o v e r  which l i e s  a l a y e r  of  m a t t e r  

o f  o p t i c a l  t h i c k n e s s  1 would be g r e a t e r  t h a n  10 k m .  I n  t h i s  c a s e ,  however,  6 

t h e  r a d i u s  i s  de te rmined  b y  o t h e r  q u a n t i t i e s ,  s u c h  as t h e  l i f e t i m e  o f  t h e  

H atoms v e r s u s  p h o t o i o n i z a t i o n  ( N  

cha rge  t r a n s f e r  i n  t h e  s o l a r  w ind) .  We adopt  R s 10 k m ,  = l; hence 

sec“’) and e x t e r n a l  i n f l u e n c e s  ( e  .go 

6 

~~ ~ 
~ -~ 

The s p e c t r a l  u t i l i z a t i o n  o f  s u n l i g h t  s h o u l d  amount t o  a b o u t  

a x 0.1 

( oh (comet)  w 0.1 

i n  Ly Cy o f  a b o u t  4 10” photons/cm2 y i e l d s  a cometary r a d i a t i o n  o f  

v e r s u s  1 8 w i d t h  o f  t h e  s o l a r  l i n e )  e A s o l a r  emis s ion  

I n  Ly @ t h e  quantum flow of t h e  sun i s  b a r e l y  1/100 t h a t  i n  Ly CY. The 

t o t a l  r a d i a t i o n  o f  t h e  comet amounts t o  

i n  Ly B 5.5 phQtons and 10 3.5 pho tons  

cm2 s e c  2 10 
cm sec 

About 1/8 o f  t h e  t r a n s i t i o n s  from t h e  t h i r d  quantum s t a t e  l e a d s  t o  emis s ion  

o f  HE. A l t o g e t h e r ,  t h e n ,  t h i s  i s  

i n  Em, 30 pho tons  
Sec (191 

i .e., 2 t e n t h  powers l e s s  than  f o r  examplep i n  t h e  Swan bands CWurrn 1963) . 
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A n  e v a l u a t i o n  o f  t h e  Ly a r a d i a t i o n  w i t h  d e n s i t i e s  s u c h  as have  been found 

f o r  v i s u a l l y  o b s e r v e d  molecu le s  l e a d s  t o  a r a d i a t i o n  o f  rJ lQ  ’Oe5 ph/sec. 

P roof  o f  i t  p r o b a b l y  l i e s  beyond t h e  bounds o f  t e c h n i c a l  f e a s i b i l i t y  f o r  

t h e  t i m e  be ing .  

9 C o l l i s i o n  Pro c e s s e ~  , I n c l u d i n g  Charge T r a n s f e r  
And Chemical R e a c t i o n s  

The f r e e  p a t h  l e n g t h  a g a i n s t  o r d i n a r y  g a s - k i n e t i c  c o l l i s i o n s  i s ,  ac-  

c o r d i n g  t o  t h e  k i n e t i c  t h e o r y  of  g a s e s ,  a b o u t  (10 -14 cm 

c l e  d e n s i t y )  f o r  H20 o r  C 0 2  a t  300’ K ;  hence  when r < 1011 cm i t  s h o u l d  be  

s m a l l e r  t h a n  t h e  d i s t a n c e  from t h e  n u c l e u s .  O f  c o u r s e ,  t h e  f a c t  must be  

o n1- l  (n = p a r t i -  

t a k e n  i n t o  a c c o u n t  t h a t  w i t h  o u t f l o w  ene rgy  o f  random motion i s  c o n t i n u a l l y  

t r a n s f o r m e d  i n t o  ene rgy  of  o r i e n t e d  mot ion;  on t h e  o t h e r  hand,  h e a t  i s  con- 

s t a n t  s u p p l i e d ,  s o  t h a t  w i t h o u t  m0re d e t a i l e d  a n a l y s i s  i t  c a n n o t  be s t a t e d  

which o f  t h e  two e f f e c t s  p redomina te s .  A t  any  r a t e ,  hydrodynamic l a w s  may 

s a f e l y  b e  a p p l i e d  i n  t h e  r e g i o n s  i n  q u e s t i o n  up t o  a d i s t a n c e  o f  some 100,000 

k m  from t h e  cometary  n u c l e u s .  

Now we s h a l l  c o n s i d e r  t h e  r o l e  of  chemica l  r e a c t i o n s .  Exothermic  b i -  

n a r y  r e a c t i o n s ,  i n  which an i o n  r e a c t s  w i t h  a n e u t r a l  a tom o r  molecule  a n d  

whose a c t i v a t i o n  ene rgy  is small, have t h e  h i g h e s t  p r o b a b i l i t i e s  (measured 

by t h e  r e a c t i o n  rate y 

o f  t h e  o r d e r  of  loo9 t o  

(cm’ s e c ” ) )  . I n  t h e s e  c a s e s  t h e  r e a c t i o n  r a t e  i s  ch e m  
-1 cm3 s e c  (Cremer,  P a h l  1962)a 

S i n c e  t h e  p a r t i c l e s  are a t t r a c t e d  t o  each o t h e r  i n  consequence o f  p o l a r i -  

z a t i o n  o f  t h e  n e u t r a l  p a r t n e r  by t h e  i o n ,  t h e  e f f e c t i v e  r e a c t i o n  c r o s s - s e c -  

t i o n s  may be a m u l t i p l e  o f  

t h e o r e t i c a l  e x p r e s s i o n  f o r  

v e l o c i t y ,  p r educed  m a s s ) ,  

’,hem re1 = v  

t h e  g a s - k i n e t i c  c r o s s - s e c t i o n .  From t h e  ( c l a s s i c )  

t h i s  coe f  f i  c i e n t  (a p o l a r i z a b i l i t y  , vrel r e 1  a ti  ve 

2 n b2 w i t h  b f r o m $  v : ~ ~  = .F 2ae , 

i t  is a d d i t i o n a l l y  found t h a t  t h e  c o e f f i c i e n t  is i n d e p e n d e n t  o f  t h e  t e m p e r a t u r e  



i n  t h i s  approx ima t ion  . 
A t  a d i s t a n c e  r % 10,000 km from t h e  n u c l e u s ,  t h e  r e c i p r o c a l  t ime s c a l e  

o f  a r e a c t i o n ,  i f  i t  i s  r e f e r r e d  t o  an  i o n ,  i s  a c c o r d i n g l y  o f  t h e  o r d e r  o f  

-1 x 10-1 t o  xr s e c  , 

s c a l e s  o f  t h e  o r d e r  of lo2 - 10 3 s e e  are  o b t a i n e d  w i t h  xr = lo%, and l o 3  - 

r 
where xr  i s  t h e  p o r t i o n  o f  volume of  t h e  r e a c t i n g  n e u t r a l  p a r t n e r .  Time 

4 10 s e c ,  hence  abou t  a n  h o u r ,  a t  a d i s t a n c e  from t h e  n u c l e u s  o f  30,000 km. 

If we refer  t h e  time s c a l e  t o  a p a r t i c l e  o f  t h e  n e u t r a l  p a r t n e r ,  t h e  t ime  

s c a l e s  become l o n g e r  in t h e  r e c i p r o c a l  r a t i o  o f  t h e  d e g r e e  o f  i o n i z a t i o n  (hence  

by f a c t o r s  o f  t h e  o r d e r  o f  100 t o  10 between r = 10,000 and 100,000 km); more- 

o v e r ,  t h e  p o r t i o n  o f  volume x '  o f  t h e  i o n i z e d  p a r t n e r  i s  t o  be s u b s t i t u t e d  r 

f o r  x . r 
The f o l l o w i n g  are  examples o f  t h e  r e a c t i o n s  i n  q u e s t i o n :  

~ 

H20+ + C2H2 *CO+ + CH + 0 . )  eV 4 
H: + co2 CO+ + H ~ O  + 1.0 ev 

OH+ + C,-)-12 c CO+ + CH + 1.5 eV 

H20 + C y 4  -s CO+ + C21-16+ 2 

3 + I 
I 

~ ~ ~~ -1 
~ __ -~ 

The d i f f e r e n c e s  between t h e  b i n d i n g  ene rgy  o f  t h e  d i a t o r r i c  molecu le s  a r e  

g r e a t e r  t h a n  t h o s e  o f  t h e  i o n i z a t i o n  e n e r g i e s :  C H I  has  a v a l u e  o f  abou t  3.5 

e v ,  OH and R 

p e r t i n e n t  i o n i z a t i o n  e n e r g i e s  are 11 ev f o r  CH,  13.5 ev f o r  OH-, 15.4 ev f o r  

Hence t h e  r e a c t i o n s  i n  which CO o r  

The 

b o t h  4.5 ev;  i n  c o n t r a s t  N2 h a s  9.8 ev and CO 11.1 ev. The 2 

15.6 ev f o r  N2, and 14.0 ev f o r  CO. H2 * 
CO+ a r i s e  from hydrogen compounds o f  C and 0 are g e n e r a l l y  exo the rmic .  

a v e r a g e  b i n d i n g  ene rgy  p e r  H atom is 98 k c a l  f o r  CH4, 12 k c a l  f o r  NH 

109 k c a l  f o r  H20 (Gaydon 1947; 100 k c a l  = 4.3 e v ) ,  

and 3' 

T h i s  s u g g e s t s  t he  q u e s t i o n  o f  whether  t h e  CO+ obse rved  i n  t h e  tails 

does not owe i t s  o r i g i n  p redominan t ly  t o  a chemica l  r e a c t i o n .  A s  i s  known, 
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t h e  o b s e r v e d  t i m e  s c a l e s  o f  t h e  fo rma t ion  o f  s t r u c t u r e s  c o n s i s t i n g  o f  CO+ 

( e n v e l o p e s  and r a y s )  l e d  t o  t h e  d i f f i c u l t y  t h a t  b o t h  p h o t o i o n i z a t i o n  and 

cha rge  t r a n s f e r  i n  t h e  p r o t o n  s t r e a m  of s o l a r  c o r p u s c u l a r  r a d i a t i o n  y i e l d e d  

o v e r l y  l o n g  t i m e  s c a l e s  ( c f .  S e c t i o n  3 9  cha rge  t r a n s f e r  c r o s s - s e c t i o n  f o r  

CO o f  3 10’l5 cm2) , 

h e r e ,  even t h e  i o n s  formed by p h o t o i o n i z a t i o n  i n  t h e  v i c i n i t y  o f  t h e  n u c l e u s ,  

at a d i s t a n c e  of  10,000 o r  20,000 km, would s u f f i c e  t b  y i e l d  i n  p o i n t  o f  num- 

b e r  t h e  obse rved  i o n  s t r e a m  o f  - lo2’ s e c  . A p r e r e q u i s i t e  f o r  t h i s  

i s ,  o f  c o u r s e ,  t h a t  b o t h  C and 0 be  p r e s e n t  l a r g e l y  i n  t h e  form o f  hydrogen 

compounds ( i n  t h i s  c o n n e c t i o n  c f r .  Donn and Urey 1 9 5 7 ) ,  s o  t h a t  chemica l  

energy  is g a i n e d  by t h e  fo rma t ion  of CO+. 

That  is t o  s a y ,  w i t h  t h e  t o t a l  p r o d u c t i o n  assumed 

-1 

For  i n s t a n c e ,  i f  a c e r t a i n  q u a n t i t y  o f  a c l a s s  o f  molecu le s  which r e a c t s  

a f t e r  p h o t o i o n i z a t i o n  were t o  be e v a p o r a t e d  d i s c o n t i n u o u s l y  from t h e  s u r f a c e  

t h e  i o n i z e d  f r a c t i o n  would r e a c t  r e l a t i v e l y  r a p i d l y ,  b u t  t h e  t ime s c a l e  o f  

t h e  r e a c t i o n  would i n c r e a s e  outwards  p r o p o r t i o n a l l y  t o  r2, w h i l e  t h o s e  o f  

s e v e r a l  c o m p e t i t i v e  p r o c e s s e s  a r e  e i t h e r  c o n s t a n t  i n  t h e  f i r s t  app rox ima t ion  

( t h u s  p h o t o d i s s o c i a t i o n  o f  t h e  i o n )  or would i n c r e a s e  outwards  o n l y  i n  pso- 

p o r t i o n  t o  r. If  one of  t h e  p a r t n e r s  is a l r e a d y  a p r o d u c t  o f  a p h o t o d i s s o c i a -  

t i o n ,  t h e  c o n d i t i o n s  a r e  somewhat more compl i ca t ed ;  a f u r t h e r  p o s s i b i l i t y ,  

l a s t l y ,  is  t h a t  n o t  t h e  i o n i z e d  b u t  t h e  n e u t r a l  p a r t n e r  f lows  d i s c o n t i n u o u s l y  

from t h e  s u r f a c e .  

S e v e r a l  models ,  on t h e  bas i s  o f  which t h e s e  p o s s i b i l i t i e s  a re  d i s c u s s e d  

q u a n t i t a t i v e l y ,  a r e  g iven  i n  what follows, 

10. Models For The Format ion  o f  CO+ By Cheroical R e a c t i o n s  

L e t  us assume t h a t  t h e  dependence o f  t h e  d e n s i t y  of  a r e a c t i o n  p a r t n e r  

( g e n e r a l l y  t h e  n e u t r a l  one )  on r is known and t h a t  t h i s  d e n s i t y  is o n l y  

s l i g h t l y  dependent  on t h e  chemica l  r e a c t i o n .  
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Ai s i m p l e  c a s e ,  f o r  example,  is t h a t  i n  which t h e  n e u t r a l  p a r t n e r  ( l e t  

i t  b e  d e s i g n a t e d  as B) is  r e l e a s e d  from t h e  s u r f a c e  o f  t h e  cometary  n u c l e u s  

w i t h  a c e r t a i n  v e l o c i t y  v and i n  f l o w i n g  outward  d i s s o c i a t e s  w i t h  a c e r t a i n  

p r o b a b i l i t y  8 ,  say by p h o t o d i s s o c i a t i o n o  

B 
Then t h e  d e n s i t y  ~ is g i v e n  by 

~ ---- 
QB is  t h e  number of p a r t i c l e s  B l e a v i n g  t h e  comet p e r  s e c  and  s o l i d  a n g l e  

-1 ( a b o u t  lo3' s e c  ). 

Or we may assume t h a t  s u b s t a n c e  B i t s e l f  o n l y  a r i s e s  t h r o u g h  p h o t o d i s -  

s o c i a t i o n  o f  a p a r e n t  s u b s t a n c e  B- If i n  t h e  s i m p l e s t  c a s e  we s e t  t h e  l i f e -  

t ime  of  Bo t o  e q u a l  t h a t  o f  B ,  w e  o b t a i n  t h e  d e n s i t y  

0. 

( p  E p r o b a b i l i t y  t h a t  B d i s s o c i a t e s  t o  B, 9 = t o t a l  d i s s o c i a t i o n  p r o b a b i l i t y  

o f  Bo and B ) ,  

d o 

For t h e  o t h e r  r e a c t i o n  p a r t n e r  A., which w e  c o n c e i v e  o f  as b e i n g  i o n i z e d ,  

t h e  d e n s i t y  is c a l c u l a t e d  unde r  t h e  f o l l o w i n g  a s sumpt ions :  A a r i s e s  from 

A. w i t h  t h e  ( c o n s t a n t )  p r o b a b i l i t y  CY i' 

s t r o y e d  once  by t h e  chemica l  r e a c t i o n ,  

s a y  by p h o t o d i s s o c i a t i o n ,  I t  i s  de- 

A + B - X + Y  (x, f o r  example,  CO+) 

w i t h  t h e  p r o b a b i l i t y  nBy, o r  by a t h e r  p r o c e s s e s ,  e , g . ,  pho to  p r o c e s s e s  t h e  

p r o b a b i l i t y  o f  which is t o  be s e t  c o n s t a n t  and  e q u a l  t o  cyo L e t  t h e  t o t a l  

decay p r o b a b i l i t y  o f  A. b e  s e t  as e q u a l  t o  c X o o  In t h e  s t a t i o n a r y  c a s e ,  i f  
~~ 

- _  

( 5 '  1 

is t h e  d e n s i t y  p e r  s o l i d  a n g l e  and  cm a l o n g  F ,  t h e  f o l l o w i n g  i s  v a l i d :  

w i t h  

.. 



and 

The d i f f e r e n t i a t i o n  between vA and v takes i n t o  a c c o u n t  t h e  p o s s i b i l -  B 
i t y  t h a t  one o f  t h e  two s u b s t a n c e s  may l e a v e  t h e  cometary n u c l e u s  e x p l o s i v e -  

l y .  P r o p e r l y  s p e a k i n g ,  o f  c o u r s e ,  t h e  p r o c e s s  would t h e n  b e  n o n - s t a t i o n a r y ,  

as i n d e e d  t h e  p r o c e s s e s  o c c u r r i n g  on t h e  comet E l a r g e l y  n o n - s t a t i o n a r y .  

N e v e r t h e l e s s ,  t h e  s t a t i o n a r y  s o l u t i o n s  d e s c r i b e  t h e  c o n d i t i o n s  in f r o n t  o f  

and  b e h i n d  a d i s c o n t i n u i t y  a r i s i n g  from a s t e p w i s e  change i n  m a s s  o u t f l o w  

and  moving outward  with v e l o c i t y  v 

v e l o c i t i e s  w i t h  radius r be i g n o r e d .  The e q u a t i o n  may b e  s o l v e d  e x p l i c i t l y .  

and vB r e s p e c t i v e l y .  L e t  change i n  t h e  A 

However, t h e  o r i g i n a l  d i f f e r e n t i a l  e q u a t i o n  i s  b e t t e r  s u i t e d  for n u m e r i c a l  

e v a l u a t i o n  t h a n  is t h e  fo rma l  e x p r e s s i o n  f o r  t h e  s o l u t i o n .  

The e q u a t i o n  s h o u l d  r e f l e c t  t h e  c o n d i t i o n s  i n  approx ima t ion  up t o  a 

3 r a d i u s  o f  a b o u t  (50  - 100) e 10 km, beyond which t h e  s p h e r i c a l  geometry  is  

i n c r e a s i n g l y  d i s t u r b e d  by e x t e r n a l  i n f l u e n c e s  s u c h  as p r e s s u r e  and magnet ic  

e f f e c t s  o f  i n t e r p l a n e t a r y  matter. 

Nine p h y s i c a l  q u a n t i t i e s  were i n t r o d u c e d  i n  d e s c r i p t i o n  o f  t h e  model: 

t h e  decay  p r o b a b i l i t i e s  ao, a ,  B;  i o n i z a t i o n  p r o b a b i l i t y  CY. - chemica l  r e -  

a c t i o n  r a t e  y ;  p r o d u c t i o n s  QA, QB (QB 

VA' VB. 

l e s s  q u a n t i t i e s  : 

1' 

and B,, r e s p e c t i v e l y ) ;  and v e l o c i t i e s  
0 

Numerical  c a l c u l a t i o n ,  i n  c o n t r a s t ,  depends o n l y  on  t h r e e  dimension-  

i n  which t h e  r a d i u s  u n i t  w a s  s e t  as 

- 1  
The e q u a t i o n ,  r e n d e r e d  d i m e n s i o n l e s s ,  i s  
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i n  which 

and 

as w e l l  as i t s  d e n s i t y  N + ( p e r  s o l i d  a n g l e  and cm a l o n g  r), may be  c a l -  CO 

The number N + o f  CO+ molecu le s  in t h e  s i g h t  line can  be o b t a i n e d  f o r  co 
t h e  head o n l y  i f  t h e  d i s t a n c e  s f rom t h e  cometary n u c l e u s  i s  s o  s m a l l  t h a t  

t h e  p r i n c i p a l  c o n t r i b u t i o n s  come from r e g i o n s  ( r  100,000 k m )  i n  which t h e  

f o l l o w i n g  model is st i l l  v a l i d :  
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The t o t a l  CO+ p r o d u c t i o n  ( p e r  s e c )  i n  our model is 

Each numer i ca l  model c o r r e s p o n d s  t o  a s ix -d imens iona l  v a r i e t y  o f  phys i -  

c a l  models. Its b e h a v i o r  i s  d i f f i c u l t  t o  s u r v e y  i n  comple te  g e n e r a l i t y .  

Hence we s h a l l  c o n f i n e  o u r s e l v e s  t o  i n d i v i d u a l  examples.  We t a k e  t h e  numeri-  

c a l  v a l u e s  f o r  p h o t o d i s s o c i a t i o n  and p h o t o i o n i z a t i o n  p r o b a b i l i t y  from T a b l e  

1. 

The c a l c u l a t i o n  r e s u l t s  a r e  shown i n  F i g u r e s  2 t o  9. Convers ion  is 

t h e r e  made t o  dimension-bound q u a n t i t i e s  i n  confo rmi ty  w i t h  t h e  p a r a m e t e r s  

i n d i c a t e d  i n  t h e  t e x t .  For t h e  sake of comple teness  we g i v e  t h e  computat ion-  

al p a r a m e t e r s  and conve r s ion  f a c t o r s  i n  Table  2 ,  The t o t a l  CO+ p r o d u c t i o n  

is a l s o  i n d i c a t e d .  
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F i r s t  model . 
A p  h e a v i e r  molecule  i o n ,  e .g . ,  C2Ri9  C2€$, C2H6, ' HCN' 

CY = CY = % 0 loo5 s e c  -1 ( p h o t o d i s s o c i a t i o n )  
0 

CY = H 10 -6 s e c  -1 ( p h o t o i o n i z a t i o n  o f  p a r e n t  s u b s t a n c e  Ao) 
i 

B ,  e.g., H20 

-a B = 2 s e c  ( p h o t o d i s s o c i a t i o n  of  H20 

v = 4 km/sec ( e x p l o s i v e )  B 
n i n  acco rdance  w i t h  fo rmula  (20a) B- 

QB - = p a r t i c l e s / c m  s o l i d  a n g l e .  
B V 

With a chemica l  r e a c t i o n  ra te  o f  

and a p r o d u c t i o n  

t h e  d i f f e r e n t i a l .  

f o r  small r a d i i ,  

d e c r e a s e  as 

y = 10-9 cm'/sec 

o f  A. molecu le s  o f  

o = p a r t i c l e s / c m  s o l i d  a n g l e ,  QA - 
a V 

e q u a t i o n  y i e l d s  

F u r t h e r  ou tward  

4 nc0+ = 10 

It s h o u l d  be  n o t e d  t h a t  QB/v, and 

-3 cm 

km), t h e  CO+ d e n s i t y  would 

y e n t e r  i n t o  t h e  d e n s i t y  o f  CO' o n l y  i n  

t h e  combina t ion  yQ$v 

a f f e c t e d  by t h e  chemica l  r e a c t i o n ,  i a e r ,  pchem = nAy << @, is met i n s o f a r  

as t h e  p r o d u c t i o n  of A. is QA < 163p p a r t i c l e s / s e c  s o l i d  a n g l e ,  

The p r e r e q u i s i t e  t h a t  t h e  d e n s i t y  o f  H20 be  l i t t l e  B' 

0 

For o b s e r v a t i o n s  o f  p r o c e s s e s  i n  t h e  v i c i n i t y  o f  t h e  n u c l e u s ,  say at 

a d i s t a n c e  s from t h e  n u c l e u s ,  t h e  d e n s i t i e s  o f  CO+ a r e  d e c i s i v e  up t o  a b o u t  



t r i p l ! e  t h e  d i s t a n c e ,  3s. The time s c a l e  w i t h  which sudden  e r u p t i o n s  from 

t h e  cometary n u c l e u s  become v i s i b l e  is d e t e r m i n e d  by  t h e  t ime  i t  t a k e s  t h e  

s u b s t a n c e  t o  r e a c h  t h e  d e c i s i v e  r e g i o n s ,  h e n c e  f o r  o b s e r v a t i o n s  at a d i s t a n c e  

10 3 sea: ~4 h. of s = 20,000 km from t h e  n u c l e u s  a b o u t  t = 3s/vB = 15 

Second model . 
The c o n d i t i o n s  a re  v e r y  similar i f  one  assumes f o r  t h e  r e a c t i o n  p a r t n e r  

- B a s u b s t a n c e  which i t s e l f  i s  t h e  p r o d u c t  o f  a p h o t o d i s s o c i a t i o n ;  t h a t  i s ,  

i f  one e v a l u a t e s  n i n  acco rdance  w i t h  formula  ( 2 0 b ) ,  e .g . ,  i n  r e a c t i o n s  w i t h  

the  r a d i c a l  OH. S i n c e  n now d e c r e a s e s  l e s s  i n t e n s i v e l y  w i t h  f t h a n  i n  t h e  

p r e c e d i n g  model ( i n  p r o p o r t i o n  t o  r r a t h e r  t h a n  r >, t h e  f o r m a t i o n  o f  CO+ 

B 

B 
-1 2 

is  l e s s  c o n c e n t r a t e d  toward  t h e  n u c l e u s .  Yowever, t h e  s o l u t i o n s  show t h a t  

t h e  t ime i t  t a k e s  for e r u p t i o n s  t o  become v i s i b l e  is  v i r t u a l l y  t h e  same. The 

r e g i o n s  which are d e c i s i v e  f o r  t h e  number o f  CO+ i o n s  i n  t h e  s i g h t  l i n e  ex- 

t e n d  a b o u t  10 t o  20% f u r t h e r  ou tward  t h a n  w i t h  t h e  p r e c e d i n g  model. Because 

o f  t h e  large r a d i i  w i t h i n  which CO+ is f o r  t h e  most p a r t  formed,  t h e  f i r s t  

two models seem t o  a g r e e  p o o r l y  w i t h  t h e  a c t u a l  c o n d i t i o n s .  

T h i r d  model. 

If one assumes t h a t  r e a c t i o n  p a r t n e r  B (e.g. ,  E 0)  is produced  s t a t i o n -  2 

a r i l y  and f lows  outward  a t  a v e l o c i t y  

v = 1 km/sec, B 

w h i l e  t h e  p a r e n t  s u b s t a n c e  A o f  t h e  charged  r e a c t i o n  p a r t n e r  A is  produced  

i n  a sudden  e r u p t i o n  a t  

v = 3 km/sec, A 
t h e  p r o d u c t i o n  o f  C04 is more s t r o n g l y  c o n c e n t r a t e d  on t h e  n u c l e u s  t h a n  i n  

t h e  two p r e c e d i n g  models .  ( I n  t h e  model c a l c u l a t e d  by  u s  we s e t  yQ /v 

z cm / s e c  0 s o l i d  a n g l e ;  hence  Q is assumed t o  be t w i c e  as g r e a t  as 

B B %  
2 

B 

i n  t h e  first model; t h e  d i s s o c i a t i o n  p r o b a b i l i t i e s  are t h e  same as i n  t h e  

f i r s t  and second  models). 



The r a d i u s  w i t h i n  which h a l f  t h e  t o t a l  CO+ is formed is a b o u t  60,000 

km, w h i l e  i t  w a s  abou t  10,000 km i n  t h e  f i r s t  model. The t i m e  t a f t e r  which 

a sudden e r u p t i o n  becomes v i s i b l e  a t  d i s t a n c e  s from t h e  n u c l e u s ,  i s  never -  

t h e l e s s  a g a i n  g iven  by t h e  geometry: 

and is o f  t h e  o r d e r  o f  s e v e r a l  h o u r s  f o r  d i s t a n c e s  s o f  some lo4 km. 

The f o u r t h  model,  i n  which r e a c t i o n  p a r t n e r  B (QR) r e s u l t s  from B 

through p h o t o d i s s o c i a t i o n  and for which t h e  same p a r a m e t e r s  a r e  used as 

B20 

i n  

t h e  t h i r d  model ,  i s  l e s s  c o n c e n t r a t e d  toward t h e  n u c l e u s  and t h u s  i s  i n t e r -  

media te  between the first and t h i r d  models. 

F i f t h  model. 

S t i l l  more h e a v i l y  n u c l e u s - c o n c e n t r a t e d  a r e  t h e  last f o u r  models ,  i n  

which i o n i z e d  H20 r e a c t s  w i t h  a h e a v i e r  molecule .  

on t h e  f o l l o w i n g  p a r a m e t e r s :  

The f i f t h  model i s  based  

A = H 2 0 + ,  B h e a v i e r  molecu le ,  n 

-1 
cy = cy = 2 0 s e c  ( p h o t o d i s s o c i a t i o n  o f  H20) 

cy = J5 10 sec ( p h o t o i o n i z a t i o n  o f  H 2 0 )  

v = 1 km/sec 

i n  acco rdance  w i t h  fo rmula  ( 2 0 a )  B 

0 

-6 -1 
i 

A 

24 p a r t i  c l , e s  
0 = PO QA - c m  s o l i d  a n g l e  

A V 

v = 2.5 km/sec 
3 15 a r t i  cl e s  ’‘’ - = lo c m  z o l i d  angle s e c  

V B  

B 
cm 

4 -  

The t o t a l  CO+ p r o d u c t i o n  is  l o w e r  for all f o u r  models t h a n  w i t h  t h e  

f i r s t  models and i s  o f  t h e  o r d e r  o f  magnitude of  molecu le s / sec .  Half 

t h e  CO+ i n  t h e  f i f t h  model i s  a l r e a d y  fornied w i t h i n  a r a d i u s  o f  22,000 km. 
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The s i x t h  model d i f fers  from t h e  f i f t h  o n l y  i n  t h a t  fo rmula  (20b)  i s  

used  f o r  n Hence i t  i s  assumed t h a t  t h e  r e a c t i o n  p a r t n e r  o f  t h e  H20' i s  B' 
i t s e l f  formed by p h o t o d i s s o c i a t i o n  . The cometary a tmosphere  i s  t h e r e b y  en- 

l a r g e d  somewhat i n  comparison w i t h  t h e  f i f t h  model. H a l f  t h e  CO' is formed 

w i t h i n  a r a d i u s  o f  30,000 km. 

Seven th  and  E i g h t h  models,  

The last two models a r e  pe rhaps  t h e  most r e a l i s t i c  ones ;  t h e y  d i f f e r  

from t h e  p r e c e d i n g  ones  i n  t h a t  w e  have s e t  

k m  v = 4 -  A s e c  
k m  
s e c  VB = 1 -' 

t h a t  i s ,  t h e  H 0 i o n  h a s  t h e  g r e a t e r  v e l o c i t y .  The same v a l u e s  a r e  assumed 

f o r  CY, a CY and B as i n  t h e  f i f t h  model. QA/vA s 0.8 * 10 (cm * s o l i d  

angle)-'', V&B/vB = 0.8 

s e n t e d  by fo rmula  (20a )  and i n  t h e  e i g h t h  model by formula  ( 2 0 b ) .  The r a d i i  

w i t h i n  which h a l f  t h e  CO+ is formed are r e s p e c t i v e l y  26,000 kn and 70,000 k m .  

2 
24 

0' i' 
2 cm / sec .  I n  t h e  s e v e n t h  model ng is r e p r e -  

R e a c t i o n s  w i t h  OH+ or H I  are n o t  i n c l u d e d  i n  o u r  models ,  s i n c e  i n  t h i s  

c a s e  t h e  i o n i z e d  r e a c t i o n  p a r t n e r  ar ises  i n  a more compl i ca t ed  way than  is 

assumed i n  o u r  c a l c u l a t i o n  . 
N e v e r t h e l e s s  i t  i s  t o  b e  e x p e c t e d  t h a t  an  a d d i t i o n a l  p h o t o d i s s o c i a t i o n  

i n  t h e  fo rma t ion  o f  t h e  i o n  changes t h e  p i c t u r e  no more g r e a t l y  t h a n  does  an 

a d d i t i o n a l  p h o t o d i s s o c i a t i o n  f o r  t h e  n e u t r a l  p a r t n e r  i f  fo rmula  (20b)  r a t h e r  

t h a n  formula  (20a )  is used  f o r  nB. 

d u c t i o n  e x t e n d s  o v e r  a somewhat l a r g e r  r e g i o n  t h a n  i n  t h e  c a s e  o f  t h e  models 

w i th  H20+ c a l c u l a t e d  h e r e .  

Thus i n  r e a c t i o n s  w i t h  O H +  t h e  CO pro-  

S i n c e  i t  may be assumed t h a t  w i t h  v e r y  s m a l l  r a d i i  t h e  v e l o c i t y  o f  t h e  

molecuPe is o f t e n  s u b s t a n t i a l l y  s m a l l e r  t h a n  1 km/sec,  i t  is c o n c e i v a b l e  

t h a t  a f i r s t  p h o t o d i s s o c i a t i o n  t a k e s  p l a c e  i n  t h e  immediate  environment  o f  

t h e  cometary n u c l e u s  a n d  t h a t  a t  t h e  d i s t a n c e s  i n  which we are i n t e r e s t e d  

(I zz 10,000 km) t h e  d i s s o c i a t i o n  p r o d u c t s  behave as i f  t h e y  have been 
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evapora t ed  d i r e c t l y  f r o m  t h e  n u c l e u s .  The d e n s i t y  in accordance  wi th  fo rmula  

(20a) would be  t h e  one t o  assume for s u c h  s u b s t a n c e s .  O b s e r v a t i o n s  o f  neu- 

tral molecu le s  s u p p o r t  th5.s c o n c e p t i o n  (Wurm 1961b). - 
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